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Landmines and buried improvised explosive devices (IEDs) have been an increasing threat 
to occupants within armoured vehicles during recent conflicts. Whilst there a range of 
blast protection technologies available for armoured vehicles, such as v-shaped hulls and 
energy attenuating materials and seating systems, a recent study has shown the potential 
to use water for near-field blast mitigation. Whilst that study identified the potential to use 
water on-board an armoured vehicle for blast mitigation, there was minimal 
understanding of the physical mechanisms that govern the mitigation, which makes 
optimisation of any design using water extremely challenging. As water is already carried 
on-board armoured vehicles inside containers, its use as part of the protection system is 
attractive as it would require no added mass. This ensures that enhancements in the 
survivability of the vehicle only have a minimal impact on other critical functionality such 
as mobility. This PhD thesis focuses on understanding the physical mechanisms 
responsible for near-field blast mitigation with water, and then uses that knowledge to 
optimise the design of water-filled containers. 
 
The methodology used throughout the investigation was to conduct a series of 
experiments that examined the mitigation provided to a flat, high-strength steel plate 
(representing a simplified armoured vehicle belly plate) by a water-filled container 
subjected to near-field blast loading. Experiments were conducted using an explosion 
bulge die test setup with a 5.06 kg cylindrical PE4 charge placed at a stand-off distance of 
600 mm from the steel plate. The water-filled containers were placed between the steel 
plate and the explosive charge. Assessments of performance were made in terms of the 
reduction in deformation of the steel plate. Numerical simulations were then validated 
against the experimental results and further interrogated to understand the mechanisms 
responsible for the blast mitigation.  
 
The first major body of research focused on understanding the influence that container 
geometry had on the blast mitigation provided by a quadrangular-shaped container. The 
experimental results showed that taller and narrower water-filled containers provided the 
best mitigation. The best performing container provided a 65% reduction in peak 
deformation when compared to the bare plate setup. The numerical simulations were 
performed using a coupled Euler-Lagrange approach in ANSYS® AUTODYN®. Validated 
numerical simulations were then used to identify and quantify the roles of each of the key 
mitigation mechanisms. These were found to be the mass of the water; the shadow region 
generated by the container deflecting the detonation products; and the radial spreading of 
the water. The level of blast mitigation provided by the water-filled containers was 
governed by the trade-off between these mitigation mechanisms and the increase in 
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loading at the container surface due to its closer proximity to the explosive charge. The 
trade-off between the increased loading and the enhancement of the mitigation 
mechanisms was found to result in an optimum container width for a given height.  
 
The second major body of research focused on using the mitigation mechanisms identified 
to optimise the design of the container geometry. Numerical simulations were used to 
develop a range of novel container shapes, which were then experimentally assessed to 
determine their effectiveness. The container shapes evaluated included; 1) cone, 2) 
inverted cone, 3) diamond, 4) mushroom, and 5) array of water containers described as a 
kinetic energy defeat device (KEDD). A mushroom-shaped container was found to 
provide more efficient blast mitigation than the best performing quadrangular containers 
due to its enhancement of the shadowing and spreading mitigation mechanisms.  
 
The research also focused on understanding the role of the mitigant within the container. 
Experiments were conducted to compare the water to; 1) aerated water, 2) sand, 3) 
expanded polystyrene (EPS), 4) combination of EPS and water, and 5) shear thickening 
fluid made with corn starch and water. The water was found to provide the best 
mitigation per unit mass, while the sand, which was the densest mitigant, provided the 
best mitigation per unit volume. Validated numerical simulations of each of the 
experiments identified the loading and mitigation mechanisms for each mitigant type. The 
key mitigation mechanisms were still found to be mass, shadowing and spreading for each 
of the mitigants, with their performance determined by their ability to exploit each of these 
mechanisms. 
 
The research then focused on understanding the integration issues associated with using a 
water-filled container on an armoured vehicle. The first integration issue addressed was 
the influence of generating a stand-off between the container and the target. The 
experiments and numerical simulations showed that there was minimal difference in 
target deformation for small container stand-off distances. However, the blast mitigation 
was reduced when the container was placed too close to the explosive. The second 
integration issue addressed was the influence of multiple containers placed in proximity to 
one another. Experiments were conducted to assess the influence of gap size between 
containers for explosive charges placed above a central container as well as above the gap 
between two containers. Increasing the gap size between containers resulted in less blast 
mitigation, although in all cases the water-filled containers provided some mitigation. 
Limitations in this investigation identified that further work was required to assess 
whether these findings were consistent for multiple container sizes and loading 
conditions.  
 
The research outcomes from this PhD thesis have contributed to the body of knowledge in 
understanding the physical mechanisms associated with using a range of mitigant-filled 
containers for near-field blast mitigation. This includes identifying a range of methods to 
isolate each of the loading and mitigation mechanisms, which can be used in other blast 
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protection investigations in the future. The thesis also provides guidance to designers in 
terms of optimising the container geometry to maximise protection and identifies some of 
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Chapter 1 - Introduction 
1.1  Background 
1.1.1 Casualties Associated with Landmines and IEDs 
The Landmine Monitor 2016 [1] reports that there have been over 100,000 people injured 
or killed by landmines between 1999 and 2015. Whilst these deaths are often associated 
with regions of current conflict, Figure 1.1 shows the locations of the ~60 countries where 
landmines, explosive remnants of war and cluster submunitions caused either injuries or 
fatalities in 2015. There is an estimated 100 million landmines buried around the world [2], 
and they represent an ongoing problem for civilian safety in many countries around the 
world. The United Nations (UN) is committed to demining, and it remains a dangerous 
activity with 1675 casualties between 1999 and 2015 [1]. Radonic et al. [3] provides details 
of the injuries due to demining in Southern Croatia. There were 29 incidents, resulting in 2 
deaths and 53 people injured between 1991 and 1995 from a team of 160 pyro technicians 
from the Croatian army. This example highlights the clear risks associated with demining, 
with almost a third of trained workers being injured.  
 
 
Figure 1.1 States/areas with landmine or explosive remnants of war (ERW) casualties  
   in 2015. [1] 
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1.1.2 History of Anti-Tank Mine Use 
Attacks against armoured vehicles by buried blast charges can be broadly grouped into 
two categories: 1) anti-tank (AT) mines and 2) improvised explosive devices. AT mines are 
a class of regular military ordnance designed to present a severe risk to armoured vehicles 
and their occupants. The development of AT mines was the German response to the 
British use of tanks in World War 1 (WW1) [4]. With the increased use of tanks in WW1, 
the use of AT mines as a defensive tactic became more prevalent and it was estimated that 
around 20% of tank losses in WW2 were due to AT mines [5]. The largest use of AT mines 
was during the Bush War in Southern Africa. Between 1971 and 1980 there were 2405 
incidents of landmines detonating under vehicles in Rhodesia. These incidents resulted in 
the deaths of 632 people and injuries to 4410 people [4]. AT mines were also used 
extensively in Vietnam and were responsible for ~10% of all American deaths in the 
conflict. Of the American tanks and armoured personnel carriers destroyed during the 
conflict ~75% of them were due to AT mines [6].  
 
According to the analysis of Showichen [7], based on the data collected by King [8], 
currently there are 168 different types of AT mines. Around 60% of these mines cause 
damage through the blast wave they generate, while the rest cause damage through the 
generation of a shaped charge or via fragmentation.  
 
More recently, in regions where there are active conflicts taking place, improvised 
explosive devices (IED) have been responsible for large numbers of injuries and fatalities 
to both civilian and military personnel. Rather than using a purpose built AT mine, 
insurgents in many conflicts have chosen to improvise threats from readily available 
material. During Operation Enduring Freedom, which was primarily focused in Iraq and 
Afghanistan, 3536 coalition military personnel have been killed since 2001 [9]. Almost 50% 
of those deaths were the result of an IED attack, although not all of these IEDs are buried. 
In addition to the military deaths, IEDs were responsible for the deaths of ~5000 civilians 
in Afghanistan between 2009 and 2014 [10]. Due to their effective use when engaging in 
asymmetric warfare, landmines and IEDs will continue to play a role in future conflicts 
with insurgencies. These statistics highlight the importance of developing technologies 
that are capable of providing protection to both military and civilian personnel from 
landmines and buried IEDs.  
 
1.1.3 Concepts to Protect Against Landmines and Buried IEDs 
In order to address the threat to the mounted Warfighter (within an armoured vehicle), 
technologies are typically focused on a range of technical areas: 1) Prevention, 2) 
Detection, 3) Neutralisation and 4) Mitigation.  
 
Prevention – It is difficult to prevent the use of mines and IEDs. Whilst the Ottawa treaty 
bans the use of landmines, not all countries adhere to the treaty and it does not prevent 
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insurgents using IEDs in regions of conflict. Policing and surveillance are the two most 
common methods used to deter people from burying landmines and IEDs [12]. 
 
Detection – The earliest and most primitive technique used to detect mines was the visual 
observation of disturbed soil. In WW1, a Józef Kosacki who was a Polish army office 
developed a hand-held mine detector which he gave to the British [4]. More recently, 
ground penetrating radar and other detection methods have been assessed and utilised in 
detecting landmines. These methods are increasingly being used on armoured vehicles as 
part of mine clearance operations. The use of remote controlled vehicles that are capable of 
detecting landmines is another advance in protecting people from the dangers associated 
with demining activities. A summary of landmine detection methods, including their 
relative strengths and weaknesses was written by Bello [13]. It was noted that all of the 
detection methods suffered limitations with different terrain for non-metallic mines. As 
this is the case, it is unlikely that current detection technology will identify every 
landmine. Hence there is a requirement to continue to develop protection systems that can 
protect vehicle occupants in the event of an AT mine or buried IED being triggered.  
 
Neutralise – Mine clearance vehicles were developed in WW2 in response to the defensive 
tactics that were used to limit mobility [4]. In recent conflicts, remote controlled vehicles 
are increasingly being used to neutralise landmines and IEDs, allowing the operator to 
perform his duties at a safe distance. Where disarming is not possible, the charges are 
neutralised through a controlled explosion, which is commonly referred to as being ‘blown 
in-place’.  
 
Protect – In some circumstances, the landmine or IED will function and methods of 
protection are required to reduce the likelihood of injury. Bomb suits and mine boots can 
provide some protection against anti-personnel mines for dismounted personnel. For more 
comprehensive protection, the use of an armoured vehicle is required and there are a 
number of protection technologies employed on these vehicles to reduce the effects of an 
explosion. These protection technologies will be further outlined in Chapter 2. One of the 
issues with providing protection to occupants within an armoured vehicle is the balance 
required between providing an adequate level of protection and meeting the mission 
requirements. For armoured fighting vehicles, there is a trade-off in design between 
survivability, mobility and firepower. A similar trade-off is required for armoured logistics 
vehicles, where there is a trade-off between survivability, mobility and load carriage. 
Systems designed to protect vehicles from landmines and IEDs generally need to be 
lightweight in order to achieve the mission requirements. Hence technologies which 
increase the protection of a vehicle while minimising the adding mass need to be 
developed to ensure that these armoured vehicles can deal with increasing threat levels 




1.2  Aim and Scope of PhD Project 
The brief overview of methods to protect vehicles from landmines and IEDs presented in 
this chapter showed that there is clear scope to improve both the ability to detect and 
protect against these threats. This thesis will focus on exploring methods to improve the 
protection of vehicles subjected to blast threats. As there is a wide range of technologies 
that can be used to enhance the protection of a vehicle, a literature review of protection 
technologies was conducted to identify a technology that showed significant promise in 
enhancing vehicle survivability without impacting the weight of the vehicle. A 
preliminary study by Bornstein et al. [14] identified that water-filled containers, which are 
already carried on armoured vehicles during operations, could be used as part of the 
protection system. One of the limitations identified in their study was a lack of 
understanding of the physical mechanisms responsible for the blast mitigation provided 
by the water-filled containers. As such, this PhD project was established to provide a more 
thorough understanding of the use of water-filled containers in near-field blast protection. 
  
The major aims of the thesis are: 
 
1. To determine the key physical mechanisms responsible for water-filled containers 
mitigating the deformation of a steel plate subject to a near-field air blast.  
 
2. To quantify how much each physical mechanism contributes to the overall blast 
mitigation.  
 
3. To determine how these physical mechanisms can be exploited to optimise the blast 
mitigation efficiency of water-filled containers.  
 
4. To determine whether there are advantages in replacing the water with another mitigant 
to further exploit the mitigation mechanisms. 
 
1.3  Thesis Format 
Chapter 2 - Literature Review 
This chapter gives a critical and comprehensive review of blast effects and blast mitigation. 
The literature review is broken down into three major topics. The first topic is focused on 
blast protection technologies for armoured vehicles. The basics of blast loading are 
introduced and then the development of a range of different blast protection technologies 
that can be used on armoured vehicles is discussed. The protection technologies discussed 
include v-shaped hulls, materials for hull design, energy attenuating materials, active blast 
protection and the use of water-filled containers. The physics behind each of these 
protection technologies is described along with the limitations of our current 
understanding. The second topic focuses on providing an overview of previous work 
where water has been used in blast protection applications. Some of these applications 
include the use of a water wall to protect infrastructure from blast threats and mitigating 
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the damage caused by an explosion in a munitions storage facility. An overview of 
experiments that directly compare the use of water to other mitigants is also provided. The 
third topic focuses on describing a range of potential mitigation mechanisms that could be 
responsible for the water-filled containers providing blast mitigation. These mechanisms 
include evaporation, momentum extraction, shadowing, cavitation and peak pressure 
modification.  
 
Chapter 3 - Research Methodology 
This chapter provides a justification and description for the basic experimental setup used 
throughout the investigation. The experiments were conducted using the explosion bulge 
die test method and focused on measuring the mitigation provided by water-filled 
containers through a reduction in the peak deformation of a steel target plate. The chapter 
also describes the setup of the numerical models used in the investigation and includes a 
mesh refinement study. A coupled Euler-Lagrange description of the problem was used in 
order to analyse and evaluate the physics involved in the blast experiments. In addition to 
replicating the experimental setup, numerical model setups are described which can 
quantify the spatial distribution of loading on a target plate. 
   
Chapter 4- Effect of Container Geometry 
This chapter is broken into three sections. The first section is focused on the blast 
experiments conducted to assess the influence of geometry on the mitigation performance 
of quadrangular-shaped water-filled containers. A range of configurations were assessed 
and included cases where the volume of water was fixed and the height and width of the 
containers were modified. The height and width of the containers were also varied 
independently of one another. In addition, the water-filled container performance was also 
compared to steel panels of equivalent areal density. The second section describes the 
validation of the numerical models for each of the experimental test conditions. The third 
section focuses on quantifying the role of each of the mitigation mechanisms. This 
assessment was conducted by using the validated numerical models to isolate the role of 
each mitigation mechanism. 
 
Chapter 5 - Optimisation of Container Geometry 
This chapter is broken into three key sections. The first section is focused on the 
optimisation of quadrangular-shaped container geometry for blast mitigation. A numerical 
modelling investigation is presented analysing the optimum size of a water-filled 
container for the specific blast scenario investigated. The second section is focused on the 
experiments conducted to investigate the potential of novel container shapes to enhance 
the performance of the water-filled containers and understand the effects of more complex 
geometry on the mitigation provided. The third section describes the validation of the 
numerical models for the novel container experiments as well as providing insights into 





Chapter 6 - Effect of Mitigant Type 
This chapter is broken into three key sections. The first section is focused on experiments 
conducted with containers that were filled with one of six different mitigant materials to 
assess the blast protection they provide. The mitigant materials assessed were bulk water, 
aerated water, sand, expanded polystyrene (EPS), EPS and water, and shear thickening 
fluid (corn starch and water). The second section describes the validation of the numerical 
models for each mitigant type and the third section focuses on identifying the mechanisms 
responsible for the mitigation provided by each mitigant material. 
 
Chapter 7 – Assessment of Integration Issues 
This chapter is broken into two major sections. The first section is focused on 
understanding the impact of introducing a stand-off between the water-filled container 
and the target. Both experiments and numerical simulations are used for this investigation. 
The second section is focused on the use of multiple water-filled containers in a protection 
system. An experimental investigation is presented that evaluates the influence of the gap 
size between multiple containers on the blast mitigation provided to a flat steel plate for 
explosive charges placed both directly above a central container and directly above the 
centre of the gap between containers.  
 
Chapter 8 – Conclusions and Recommendations 
This chapter will summarise the major outcomes of the PhD study. 
 
1.4  Publications  
The publications arising from the research conducted as part of the PhD project are listed 
below.  
 
1. H. Bornstein, S. Ryan and A. Mouritz, Physical mechanisms for near-field blast mitigation 
with fluid containers: Effect of container geometry, International Journal of Impact 
Engineering, Vol. 96, pp. 61-77, 2016. 
(This paper was also presented at the International Symposium on Ballistics in 
Edinburgh 2016 and an extended abstract appears in the conference proceedings.) 
 
2. H. Bornstein, S. Ryan and A. Mouritz, Effect of fluid properties on the blast mitigation 
provided by fluid containers, 24th International Symposium on Military Aspects of Blast 
and Shock (MABS 24), Halifax, Canada, 18th-23rd September, 2016. 
 
3. H. Bornstein, S. Ryan and A. Mouritz, Physical mechanisms for near-field blast mitigation 
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Y.D.S Rajapakse), Woodhead Publishing, 2017. 
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Chapter 2 - Literature Review 
Abstract 
This chapter introduces the basics of blast loading along with the associated structural 
responses of armoured vehicles and injuries to occupants. Following this, a range of 
technologies used to protect vehicles against blast threats is described along with their 
physical blast mitigation mechanisms. An analysis of the current level of understanding 
for a wide range of blast protection technologies indicated that there is a significant gap in 
the knowledge of using water-filled containers as part of the blast protection system of an 
armoured vehicle. Based on this finding, this PhD project is focused on addressing this 
particular knowledge gap. As such, the majority of the literature review focuses on 
understanding previously published work using water for blast protection applications. 
This approach was taken to draw insights into the physical mechanisms by which water 
can reduce the loading from an explosive event to help target the research conducted as 
part of the PhD project.  
 
 
2.1  Blast Protection Technology for Armoured Vehicle Hulls  
2.1.1 Basics of Blast Loading   
2.1.1.1 Air Blast Loading 
This section provides a very brief overview of the blast physics that are relevant to 
armoured vehicle protection. A comprehensive overview of blast waves in air is provided 
by Needham [15]. The detonation of a high explosive results in the conversion of the solid 
explosive into a gaseous state with high temperature and pressure. The detonation 
products act like a piston and drive a shock wave in the air ahead of the detonation 
products. A rarefaction wave is also generated due to the rapid expansion of the 
detonation products. A typical Friedlander description of a pressure wave is shown in 
Figure 2.1. This represents the standard blast waveform when the shock wave is outside 
the fireball.  
 
When evaluating the loading from a blast wave onto a solid object it is important to define 
a series of parameters, which are as follows:  
 
Incident pressure (Pi) – Gas pressure as measured side-on to the flow.  
 
Reflected pressure (Pr) – Gas pressure as measured front-on to the flow whereby the flow 
is stopped at the surface.  
 




Positive phase duration (td) – Total time that the incident or reflected pressure is above the 
level of ambient air in the initial loading phase.  
 
Incident or Reflected Impulse (Ii or Ir) – Area under the incident or reflected pressure time 




Figure 2.1 Typical Friedlander blast waveform. Adapted from [16]. 
 
The most common approach to determine the loading from an explosive is through the use 
of the Kingary-Bulmash empirical equations [17]. These equations describe a range of blast 
wave parameters for a given mass and stand-off distance to the explosive charge. Every 
parameter is normalised in terms of TNT as the explosive, and the equations are expressed 
in the form of a scaled distance (Z).  
 
𝑍 (𝑚/𝑘𝑔1/3) =  
𝑅
𝐶𝑚
1/3         (2.1) 
 
Where R is the distance from the explosive charge and Cm is the mass of explosive.  
 
The original equations are defined for both spherical and hemispherical charges, and are 
used within the fundamentals of protective design against conventional weapons 
handbook [18]. Extensions to these equations to account for the effects of ground reflection 














United Facilities Criteria for structures to resist the effects of accidental explosions [20]. 
These equations are commonly extended to alternate explosive types through the use of a 
TNT equivalency and included as loading functions within commercial hydrocodes. 
Whilst references such as Swisdak [19] provide a list of explosive equivalencies, Locking 
[21] and Cooper [22] note these need to be used with caution as the TNT equivalence 
depends on many variables even though it is often simplified to a single value.  
 
Whilst definitions of the near-field for blast vary, in this thesis it will refer to the region 
within the fireball (typically 10-20 charge radii [23, 24]). This corresponds to a scaled 
distance (Z) of <1 m/kg1/3. Figure 2.2 shows how the energy is distributed between the 
kinetic and internal energies of both the air and detonation products at varying distances 
from a pentolite charge. It indicates that close to the charge a significant amount of the 
energy of the blast wave is located within the kinetic energy of the detonation products. 
Hence for blast mitigation systems to be effective within the near-field, they must dissipate 
the energy from not only the shock wave but also the detonation products.  
 
 
Figure 2.2 Spatial profile of energy distribution of centrally detonated pentolite at   
   various distances from the explosive charge. [25]  
 
2.1.1.2 Buried Explosive Charges 
Armoured vehicles are often at greatest risk from explosive charges buried in soil. A 
description of the detonation of a buried charge and the subsequent loading on a target is 
provided by Bergeron [26] and comprises three distinct phases. These phases have also 




Phase 1 – Detonation and bubble expansion 
The detonation products generated by the explosive charge are a very high pressure gas  
(typically 20 GPa) with temperatures in excess of 50000C. The expansion of the detonation 
products results in crushing of the surrounding soil. As the shock wave within the soil 
reaches the ground surface, a shock wave is generated in the air but the shock-impedance 
mismatch at the soil/air interface results in a tensile wave being transmitted back into the 
expanding detonation products. The expanding detonation products form a bubble of soil 
that gets thinner as it expands.  
 
Phase 2 – Soil Plug and Detonation Product Loading 
A range of parameters such as the stand-off distance, soil type, moisture content and 
charge size will determine whether the soil bubble ruptures and creates a soil cap prior to 
interacting with a target. The initial loading phase is due to the soil bubble/cap and 
detonation products loading the target. The formation of the soil bubble/cap was 
computed using numerical simulations conducted by Fiserova [29], who simulated a 1 kg 
charge in prairie soil (Figure 2.3). The simulations showed a clear soil bubble along with 
an outer annulus of soil ejecta. Small-scale experiments conducted by Taylor et al.  [28] 
using a Kolsky bar apparatus indicated that this phase of the target loading occurs over an 
area of the target of approximately 3.5 charge radii. They also found that this phase 
accounted for 50% of the total momentum delivered to the target in their experiments. In 
contrast, larger scale experiments using Kolsky bars conducted by Rigby et al. [27] 
observed that 75% of the momentum was transferred to the target during this phase of the 
loading.  
 
Phase 3 – Soil Ejecta Loading  
As the detonation products expand they ‘scoop out’ a significant amount of soil which 
moves towards the target (resulting in a blast crater). This soil ejecta is typically in the 
form of an annulus of material that loads the outer regions of a target away from the 
centre-line. The loading from this phase is of a lower peak pressure but takes place over a 
longer time period. It also occurs over a greater area on the target. Based on the 
experiments conducted by Rigby et al. [27] and Taylor et al. [28], this phase contributes 
between 25-50% of the total impulse delivered to a target. In addition to the loading from 
the soil ejecta in this phase, the annulus of soil ejecta confines the detonation products, 
enhancing the duration of their loading on the target. The formation of the annulus of soil 
was shown in numerical simulations conducted by Fiserova [29] when simulating a 1 kg 
charge in prairie soil (Figure 2.3b). Prairie soil is cohesive and hence the soil bubble 
remains intact for longer than granular soils such as sand. This results in further 
confinement of the detonation products when a target is present.  
 
An empirical model for landmine loading was developed by Westine [30] and further 
expanded upon by Tremblay [31] to take into account the angle of incidence of loading on 
a target. The model defines a specific impulse delivered to a target at given locations based 
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on the spatial distribution of loading for a given charge size, charge shape, depth of burial, 
stand-off and soil density. This model has been implemented in the LS-DYNA hydrocode.  
 
 
Figure 2.3 2D numerical simulation of 1 kg explosive charge detonated in prairie soil.  
   (a) 0.4 ms after detonation. The early crater formation and soil bubble are  
   shown. (b) 8.69 ms after detonation. The later stages of crater formation are  
   shown with the soil ejecta forming an annulus and confining the detonation  
   products. Adapted from [29]. 
 
2.1.2 Structural Response and Injury Mechanisms 
Injuries to an occupant within a vehicle subjected to a buried IED attack are typically a 
result of four major structural responses (Figure 2.4): 
  
1) Hull rupture, which results in the ingress of detonation products and soil ejecta, 
potentially resulting in blast overpressure and fragmentation injuries.  
 
2) Localised deformation, which can result in injuries to occupants’ lower legs due to floor 
deformation, spinal injuries due to deformation of the seat mounting points causing large 
accelerations of the pelvis, or head and neck injuries due to deformation of the seat 
mounting points resulting in contact between the head and interior structure of the 
vehicle. 
 
3) Global motion, which can result in spinal injuries due to the change in velocity of the 
vehicle over a short time period (either in the initial upwards acceleration or the 
subsequent set down).  
 









Figure 2.4  Major structural responses of armoured vehicle to blast loading from a buried 
 charge, including crew vulnerability and timescales [14]. The structural responses 
 that protection systems are typically designed for are circled.  
 
Ramasamy et al. [32] conducted a study that analysed the fracture patterns of battlefield 
casualties from explosive events between April and September 2008 in the British hospital 
in Afghanistan. For the 28 casualties that were classified as being from the “enclosed” 
group, where they were either inside a vehicle or cover, there were 59 zones of injury. Of 
those 59 zones of injury, 54 were to the lower limbs. Given the high numbers of lower limb 
injuries and the minimal number of spinal injuries, this indicates that the major injury 
mechanism was localised deformation and not global motion. No injuries were attributed 
to blast overpressure and fragmentation that would occur due to a hull rupture. Whilst 
only a single study, the findings by Ramasamy et al. [32] indicates that reducing 
deformation should be a primary focus for blast mitigation solutions for armoured 
vehicles. 
  
The main injuries associated with localised deformation of an armoured vehicle hull are to 
the lower limbs and spine of the occupant. During blast testing on armoured vehicles, the 
loading on an occupant is measured by a Hybrid III Anthropomorphic Test Device (ATD). 
The loads recorded by the Hybrid III ATD are then compared to injury criteria for each 
body region. These criteria have been developed through biomechanical testing.  
 
The injury criteria for a lower leg is defined by the axial force exerted on the tibia. 
Yoganandan et al. [33] analysed a series of post-mortem human specimen (PMHS) lower 
legs that had been subjected to axial loading through the foot and recorded the axial force 
in the tibia. They defined the probability of an AIS2+ injury based on the axial force 
measured and the age of the occupant. For the lower leg, an AIS2+ injury constitutes any 
fracture within the foot, ankle, tibia or fibula. Yoganandan and colleagues calculated a 10% 
probability of injury when an axial force of 5.4 kN was applied to the lower leg of a 45 yr 
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old male. This value is similar to the work of Funk [34], who calculated an axial force of  
5.7 kN for the same condition. These injury criteria indicate that protection measures 
should be targeted at reducing the force delivered to the lower leg. This implies that 
changing the rate at which the loading is applied can have an impact on lower leg 
protection.  
 
Loading to the spine from a buried charge event on an armoured vehicle is predominantly 
in the vertical direction. This is due to the acceleration of the pelvis, which is in direct 
contact with the seat. A range of spinal injury criteria associated with the acceleration of 
the pelvis are based upon the Eiband curve [35]. In these criteria both the acceleration and 
the time over which it acts are included in the assessment of injury. An alternative 
approach to spinal injury criteria is the dynamic response index (DRI) that was introduced 
by Stech and Payne [36]. The DRI is a mathematical model that describes the compression 
of the spine based on an acceleration vs time curve from a rigid seat. Brinkley and Shaffer 
[37] assessed the DRI for a range of ejection seats based on actual injuries in US aircraft, 
and based on their work a DRI value of ~19 corresponds to a 10% risk of an AIS 2 spinal 
injury. For the spine an AIS 2 injury typically constitutes a compression fracture. Brinkley 
and Shaffer [37] noted that the DRI vs probability of injury curve was only valid for cases 
where the spine was loaded axially. Any off-centre loading resulted in a higher probability 
of injury which needs to be considered if using the DRI for vehicle protection. The rate of 
acceleration of the pelvis and the duration over which the acceleration occurs are directly 
related to spinal injury. Thus, protection measures should be targeted at reducing the rate 
at which the loading is applied, and minimising its duration.  
 
2.1.3 Material Selection 
2.1.3.1 Monolithic Armour Panels 
The selection of the material for the lower hull of an armoured vehicle is focused on 
mitigating the effects of blast loading in terms of hull rupture as well as reducing localised 
deformation. Haskell [38] developed a semi-empirical model to assess the performance of 
different metals in terms of both their deformation and rupture threshold. The key 
material property that governs the deformation of a panel when subjected to blast loading 
is the strength (yield and/or ultimate). This is well established in the analytical models of 
Jones [39] and the semi-empirical models developed by Nurick et al. [40, 41]. In terms of 
rupture threshold, both the strength and ductility of the material are important. Langdon 
et al. [42] suggests that the specific energy to tensile failure, which is represented as the 
area under a quasi-static tensile stress-strain curve is the key parameter to predict the 







Haskell [38] compared rolled homogenous armour (RHA) with an aluminium alloy (5083) 
for an equivalent areal density and found that the steel outperformed the aluminium in 
terms of both deformation and rupture threshold. A more recent study by Langdon et al. 
[42] also found that an RHA steel (ARMOX 370T) outperformed aluminium (5083), 
although the aluminium did outperform mild steel in terms of deformation. Experiments 
conducted by McDonald et al. [43] indicate that it may be possible to use higher strength 
armour steel to reduce deformation without any loss in the rupture threshold. McDonald 
et al. [43] also noted that while the ductility of the steel reduced with increasing strength, 
the rupture threshold was similar for RHA and high hardness armour (HHA).  
 
The use of fibre-reinforced polymer composites in armoured vehicles is becoming more 
common, as demonstrated by the introduction of the UK Foxhound vehicle. Follett [44] 
found that both S2-glass and E-glass fibre composites provided significantly lower 
deformations than mild steel for both flat plates and v-hulls. The benefits of composite 
armour were also shown by Langdon et al. [42] who observed that glass fibre reinforced 
polypropylene (GFPP) outperformed RHA steel in terms of localised deformation. 
However, the GFPP had a lower failure threshold than both mild steel and RHA. These 
results highlight the potential trade-off between enhancing the protection through reduced 
deformation and the reduction in rupture threshold of the material.  
 
2.1.3.2 Sandwich Panels  
Sandwich panels with cellular cores have been explored for applications involving  
air-blast, buried charges and underwater blast. Figure 2.5 shows the three key phases 
described by Zhu [45] that govern the response of a sandwich panel to impulsive loading 
from an explosive event. In the first phase the velocity of the face sheet is governed by the 
applied impulse. For underwater blast there is a ‘fluid-structure interaction’ (FSI) effect 
[46] that reduces the impulse delivered to the target based on the velocity of the sheet. 
Whilst theoretically this effect can occur with air blasts, Kambouchev [47] assessed that the 
effect is minimal. Experiments conducted by Hanssen et al. [48] actually measured an 
increase in the impulse delivered to a honeycomb panel under explosive loading. The FSI 
effect has also been dismissed for buried charge events based on experiments conducted 
by Dharmasena et al. [49] and Holloman et al. [50].  
 
The core crushing phase is governed by the compressive stress-strain curve of the core 
material. The area under the stress-strain curve represents the energy absorbed per unit 
volume of the material. The core material controls the stress transmitted to the back face of 
the material based on the plateau stress of the material prior to densification of the core 
material (Figure 2.6). Once densification is reached the core material transmits high 






Figure 2.5 Three phases of structural response for sandwich panels subjected to  
   explosive loading. [45] 
 
 
Figure 2.6 Typical shape of a compressive stress-strain curve for a cellular material. 
 
Sandwich panel cores come in a range of forms from a standard foam or honeycomb, to 
more complex lattice structures. Fleck and Deshpande [46] provide an overview of the 
advantages and disadvantages of different core topologies. The selection of an appropriate 












carefully selected. An ideal core material has a densification strain that is as high as 
possible. The selection of the collapse pressure can be assessed analytically using the 
equations defined by Jones [39] for the critical pressure for plastic deformation of a plate. 
The collapse pressure of the core material must be below the critical pressure of the rear 
panel to ensure the material crushes prior to bending and stretching of the sandwich 
panel. The analytical models also indicate that for a given impulse, the deflection of a 
panel is based on the ratio of the peak pressure and the collapse pressure.  
 
Karagiozova et al. [51] conducted small-scale air blast experiments with different foam 
core densities (collapse pressures) and found no back face deformation for the low density 
cores for low intensity blast loading where densification of the foam did not occur. This 
result highlights that the core material can reduce the transmitted force to the rear panel to 
below the collapse pressure during the loading. This mitigation mechanism is also 
described by Hanssen et al. [48] who conducted a numerical modelling study to determine 
the force transmission through an aluminium honeycomb panel subjected to impulsive 
loading. More detail on the transmission of stress waves and shock waves through the 
core material are provided by Karagiozova et al. [51,52].  
 
An analytical model developed by Zhu [45] indicates that sandwich panels outperform 
monolithic panels with the same areal density at low levels of impulse. However, as the 
impulse is increased there is a cross-over point where the monolithic panels perform better 
due to densification of the core material. Similar findings have been reported in a 
numerical investigation of auxetic cores by Imbalzano et al. [53]. This indicates that whilst 
sandwich panels may be attractive for reducing deformation, they need to be carefully 
designed for a specific threat level with the knowledge that they may not perform so well 
beyond their intended loading range.  
 
2.1.4 Hull Shaping 
Within Australia, the Thales Bushmaster vehicle has been credited with significantly 
enhancing the survivability of Australian Defence Force members who were subjected to 
buried IED blasts in Afghanistan [54]. Similarly, the US fleet of mine-resistant ambush 
protected (MRAP) vehicles have performed extremely well against IED threats [55]. A 
common feature amongst these mine-protected vehicles is the use of a v-hull, which is 
intended to deflect the soil ejecta and detonation products and thereby reduce the loading 
on the armoured hull. An example of this is shown in Figure 2.7, where a comparison is 
made between the detonation products and soil ejecta for a flat hull and a v-hull subject to 
a buried IED attack.    
 
Small-scale buried charge experiments using rigid targets were conducted by Anderson et 
al. [56], Fourney et al. [57] and Genson [58] to investigate the performance of v-shaped 
hulls. Anderson et al. [56] compared 900 and 1200 (internal angle) v-hulls with a flat plate 
geometry using small-scale experiments in sand. The 900 and 1200 v-hulls reduced the 
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momentum transferred by 60% and 40% respectively for the specific conditions used.  
Fourney et al. [57] and Genson [58] used flatter 1540 v-hulls and still noticed the reduction 
in momentum transferred when compared to a flat hull. Chung Kim Yuen et al. [59] 
conducted small-scale air blast experiments and numerical simulations to assess the effects 
of deformable v-hulls. They compared a range of v-hull angles including 600, 900, 1200 and 
1500, and found that the deformation and impulse reduced as the internal angle was 
reduced. All of these experiments focused on a centre-line charge location with no 
evaluation of the performance of the v-hull for off-centre blast loading.  
 
 
Figure 2.7 Comparison of detonation products and soil ejecta for a buried charge  
   at 6 ms after detonation. The shape and location of the vehicle hull is  
   indicated. 
 
Fox et al. [60] conducted an experimental investigation into the momentum transfer for 
flat, v-shaped and inverted v-shaped hulls, and included an assessment for off-centre 
loading. They found an increase in momentum transfer as the charge was moved  
off-centre. Bornstein et al. [61] conducted a numerical modelling study for a range of  
v-hull angles for centre and off-centre loading, and also found that the total momentum 
transfer increased as the charge was moved off-centre. An increase in the horizontal 
component of momentum was found for smaller internal angles of the v-hull. It was noted 
by Bornstein and colleagues that the current injury criteria for landmine protection 
typically focus on loading in the z-axis (vertical direction), hence additional loading in 
other directions may not be accurately evaluated in injury predictions for off-centre 
loading (see e.g. [37]). Denefeld et al. [62] assessed flat and v-hulls for centre and off-centre 
blast loading using small-scale experiments and numerical simulations. They observed 
that the flat hull had a significant rotational momentum component which could lead to a 
vehicle overturning for off-centre loading. For the v-hull, the loading had a higher 
translational momentum component, resulting in a lower risk of the vehicle overturning 
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due to off-centre loading. These studies presented the effect of the off-centre loading on 
momentum transfer, but did not assess the effect of the loading on localised deformation. 
Child [63] conducted experiments with deformable targets to assess the effects of off-
centre loading on the momentum transfer and localised deformation, but the results for 
the off-centre loading were inconclusive. 
 
More recently, armoured vehicle designers such as Lockheed Martin and General 
Dynamics Land Systems have started to develop double v-hull (also known as w-hull) 
designs for mine-protected vehicles. Schwer [64] performed a numerical modelling 
investigation using LS-DYNA and computed that the double v-hull (w-hull) and the 
inverted v-hull resulted in higher momentum transfer than a flat plate. The same 
conclusions were made in the numerical modelling work performed by Bornstein et al. 
[61] and the small-scale experiments performed by Fox et al. [60]. However, what these 
studies failed to address was the effect of the double v-hull on the deformation of the 
structure in addition to the momentum transfer. A double-v hull should be much 
structurally stiffer than a flat plate and hence the advantages of this hull-shape are likely 
to be in the reduction of localised deformation and not momentum transfer. In addition to 
the double v-hull geometry, Fisher et al. [65] recently performed a numerical modelling 
study on the development of a tri v-hull. They used a total of 146 simulations and analysed 
the hull shape against both centre and off-centre loading to find an optimised 
configuration within their design space. It should be noted that this study did not compare 
the performance of the hull to other more traditional v-hull designs, and that it only 
evaluated the momentum transfer and not the localised deformation.   
 
The development of structural optimisation algorithms has resulted in a number of 
researchers extending the analysis of hull shapes to more complex geometries. Israel et al. 
[66] used a range of topological optimisation approaches to minimise the weight of an 
armour panel while maintaining a specific level of deformation resistance for a given blast 
loading condition. They found this approach can result in improved performance and 
weight savings, but this study only focused on a single charge location. A similar 
approach was explored by Jain [67] who used LS-DYNA to develop an optimisation for a 
vehicle hull and floor design to minimise the floor deflection. These optimisation studies 
have not yet been validated with experimental testing.  
 
In conclusion, the advantages of the v-hull are well documented and characterised for  
centre-line charge locations. There is some further work needed to understand the effects 
of off-centre locations on the localised deformation of the hull. In addition, there may be 
some advantage in the use of structural optimization techniques, but experiments to 




2.1.7  Water-Filled Tyres and Containers 
Anecdotal evidence of the benefits of water-filled tyres stems from the Bush War [4]. 
Along with a range of other protective measures, the water-filled tyres were found to 
significantly enhance the protection of Bedford trucks and Landcruisers against landmine 
threats. The mitigation mechanism for the tyres is reported by Stiff [4] as being the cooling 
of the blast wave as well as deflecting the blast wave away from the structure. Whilst 
experiments conducted on water-filled tyres by Bornstein et al. [14] and Hlady et al. [68] 
dismissed their benefit for mitigating the effects of global motion, there is no published 
work on their effects on localised deformation.  
 
The use of water-filled containers for armoured vehicle protection (near-field blast) was 
introduced by Bornstein et al. [14]. They conducted a series of blast experiments to assess 
both the global motion and localised deformation of mild steel plates with and without 
water-filled containers. The experimental setup for both the global motion and localised 
deformation experiments is shown in Figure 2.8. The results of the localised deformation 
experiments are shown in Figure 2.9. A 20 L water-filled container placed in contact with 
the target was found to provide a 64% reduction in deformation of the mild steel plate, 
which was calculated as being superior to adding the same mass of steel. Introducing a  
50 mm stand-off between the water-filled container and the target resulted in a slight 
increase in in blast mitigation provided. An empty container was found to enhance the 
blast effects rather than mitigating them, highlighting the role of the water in providing 
the blast mitigation. Whilst Bornstein et al. [14] conducted a preliminary assessment of the 
blast mitigation provided by water-filled containers; there was minimal understanding of 
the physical mechanisms responsible for the blast mitigation provided.  
 
 
Figure 2.8 (Top) Setup of global motion experiments from Bornstein et al. [14]. 




Figure 2.9 Experimental results for localised deformation experiments conducted by  
   Bornstein et al. [14]. 
 
2.2  Overview of Blast Mitigation Using Water 
Whilst water-filled containers have not been evaluated for armoured vehicle protection 
outside of the work by Bornstein et al. [14], there has been a significant body of work in 
relation to water for other blast protection applications. A comprehensive review of the 
use of water in blast protection prior to 2002 is provided by Kalaisanath et al. [69]. Their 
work focused on understanding the potential to use water in naval protection applications. 
In addition to providing a summary of the previous work they discussed the proposed 
blast mitigation mechanisms from previous investigations. This section will draw upon a 
range of information from the literature to describe the performance of water in terms of 
blast mitigation for a range of blast protection scenarios. In addition, for each scenario the 
proposed mitigation mechanisms will be introduced, although a more detailed description 
of the mechanisms will be provided in Section 2.3.  
 
Figure 2.10 shows the five main scenarios where bulk water has been used for blast 
protection. Whilst water mist has typically been used to stop gas explosions [69], it has 
also been evaluated for use in free-field blast [70-71] as well as internal blast 
(compartment) scenarios with high-explosives [72-73]. Water-based foams have also been 





Figure 2.10  Five major blast protection scenarios where bulk water has been  
 shown to provide effective mitigation.  
 
2.2.1 Free-Field Blast 
This section summarises the literature where water has been used as a mitigant for  
free-field blast scenarios. This represents the case where an explosive is placed in an open 
environment with the intention of damaging nearby structures.  
 
Eriksson [76] conducted small-scale experiments with a 50 g TNT charge that was 
surrounded by different quantities of water. The scaled distance of this test setup was  
0.2 m/kg1/3; hence the loading on the pressure gauge was within the near-field and likely 
to be influenced by the kinetic energy of the water. It was measured by  
Eriksson [76] that increasing the water mass/charge mass (Wm/Cm) ratio reduced the peak 
reflected pressure, with a maximum reduction of 20% recorded for Wm/Cm of 10. Chabin 
and Pitiot [77] measured a similar peak pressure reduction of 20% for Wm/Cm of 5, 31% 
reduction for Wm/Cm of 16.6, and 63% reduction for Wm/Cm of 50. However, the results 
reported by Chabin and Pitiot [77] do not distinguish between the reflected and incident 
pressures and also do not identify the scaled distance of the measurements. Larger 
reductions in the peak incident pressure were recorded by Resnyansky and Delaney [70] 
who used a 500 g pentolite charge surrounded by 110 L of water (Figure 2.11). They 
measured an 80% reduction in the peak incident pressure at a scaled distance of  
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1.6 m/kg1/3. Given the Wm/Cm ratio was 220 for this investigation, the result is consistent 
with the findings that the reduction in incident pressure increases with the Wm/Cm ratio.  
 
 
Figure 2.11 Experimental setup used by Resnyansky and Delaney [80] where a 500 g  
   pentolite charge was surrounded by 110 L of water.  
 
An investigation into the effect of the Wm/Cm ratio on the incident peak pressure was 
conducted by Cheng et al. [78] and Shin et al. [79] using numerical simulations. For a 
scaled distance of 1.2 m/kg1/3 and Wm/Cm of 10, Cheng et al. [78] predicted a peak 
incident pressure reduction of 80%. However, they suggested a ratio of Wm/Cm of 1-3 was 
more practical and still provided 30-60% mitigation in peak incident pressure. In contrast, 
Shin et al. [79] found reductions of only 10-25% in peak incident pressure for a ratio of 
Wm/Cm of 1-3. Whilst both results refer to validation of the simulations, the work by Shin 
et al. [79] showed a 30% difference in peak pressure between their validation experiments 
and simulations and this makes it difficult to draw definitive conclusions from their study. 
 
The introduction of an air-gap between the explosive and water (charge is still completely 
encased by water) by Cheng et al. [78] was found to provide less mitigation in terms of 
reducing the peak incident pressure at a scaled distance of 1 m/kg1/3. They concluded that 
this was due to the reduction in the conversion of the blast wave energy to the kinetic 
energy of the water resulting from the air-gap. This energy conversion is a blast mitigation 
mechanism that has been regularly identified in the literature, and will be described in 
more detail in Section 2.3.3. A similar numerical study by Resnyansky and Delaney [70] 
found similar results for the same charge mass (both with and without an air-gap), but 
noted that any calculated differences were dependant on the scaled distance. Shin et al. 
[79] modelled the effect of introducing an air-gap while keeping the water thickness 
  
28 
constant (as opposed to the water mass). They found that the air-gap improved the 
mitigation performance, but this is refuted by Resnyansky and Delaney [70] who 
determined that this improvement is due solely to the additional mass of water. 
Resnyansky and Delaney [70] noted that their experimental results indicated that the 
water break-up and phase transformation (evaporation) appeared to play a major role in 
the blast mitigation process. Only partially enclosing the explosive with water was found 
by Cheng et al. [78] to result in significantly less mitigation in the incident peak pressure. 
This was thought to be due to the shock wave finding the path of least resistance and 
passing through the gap in the water.  
 
Small-scale experiments were performed by Allen et al. [80] whereby different sized 
charges ranging from 20 g – 5 kg were evaluated with varying heights of different 
mitigants (including water) surrounding the charge. The results were evaluated at scaled 
distances from 0.6 to 11 m/kg1/3. As the results are plotted in terms of a combined metric 
that includes both scaled distance and the scaled mitigant height, specific conclusions 
about the relative importance of each parameter on mitigation cannot be made. However, 
it was identified that an 85% reduction in the peak incident pressure could be achieved 
using water. This is consistent with the findings of Resnyansky and Delaney [70] where a 
reduction in peak incident pressure of 80% was measured. The importance of evaporation 
on the mitigation provided was discounted by Allen et al. [80] based on the superior 
performance of glycerine in their experiments, which has a smaller specific heat capacity 
and latent heat of evaporation than water. Kirkpatrick et al. [81] expanded on the work by 
Allen et al. [80], noting that incident pressure measurements ignore the momentum 
acquired by a mitigant and with it the potential to increase, rather than reduce, damage 
effects. They used a momentum pendulum and wall gauges to record the loading on a 
structure for a range of mitigant materials including water. All mitigants transferred a 
higher loading to the structure than the unmitigated case, with water producing the 
highest loading on the target. This highlights the potential for the mitigants to actually 
increase the loading on a target in the near-field. It also indicates that the correct 
evaluation metric must be applied to each scenario to ensure a suitable evaluation of blast 
mitigating materials.  
 
The use of a water misting system for free-field blast mitigation has been evaluated by 
Resnyansky and Delaney [70] using a 500 g pentolite charge. Their first test design 
surrounded the charge with a 1 m x 1 m region of water mist (80-90 μm droplet size), 
resulting in a 10% reduction in the peak incident pressure measured 1.5 m from the charge 
(scaled distance of 1.9 m/kg1/3). Their second test design, shown in Figure 2.12, generated 
a mist that completely covered the propagation path of the shock wave from the explosive 
to the pressure gauges. This larger volume of water mist in the line-of-sight of the pressure 
gauges resulted in a 20% reduction in peak incident pressure. A larger-scale experiment 
using a 4.5 kg PETN-based charge was conducted by Tosello et al. [71] who measured a 
maximum reduction in the peak incident pressure of 35%. These values are significantly 
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lower than the mitigation provided by bulk water, which is due to the reduced mass of the 
fluid available to provide mitigation.  
 
 
Figure 2.12 Experimental setup used by Resnyansky and Delaney [72] where water   
   mist is used in-line with the propagation path of the shock wave. 
 
2.2.2 Water Walls 
The use of a water wall for infrastructure protection differs from the previously described 
free-field blast mitigation as the mitigant is not used to surround the explosive charge. In 
the case of a water-wall, a barrier containing water is placed at a distance from the 
explosive charge in-front of the structure to be protected. Chabin and Pitiot [77] 
investigated the use of a water wall, where three sides of the water were encased in plastic 
(PMMA). The explosive was PETN-based and charge sizes of 0.3 and 1 kg were used. The 
three variables investigated were the scaled distance, the thickness of the water wall, and 
the distance from the explosive to the water wall. The distance from the explosive to the 
water wall was found to be the most important for mitigation, as the peak incident 
pressure reduced significantly when the water wall was moved further away from the 
explosive. Whilst mitigation was measured at small distances behind the wall, at larger 
distances minimal mitigation was provided by both the water wall and the rigid wall. The 
water wall and the rigid wall both provided similar levels of mitigation within the 
‘shadow’ region - the low pressure region created behind the water wall due to the 
deflection and diffraction of the blast wave with a length equal to ~4 times the barrier 
height [15]. The effect of shadowing will be described in more detail in Section 2.3.4.  
 
Similar studies by Bogosian and Piepenburg [82] and Chen et al. [83] comparing a rigid 
wall with a water wall also identified minimal difference in the blast mitigation based on 
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peak incident pressure. Chen et al. [83] found that the height of the water wall also has a 
significant influence on the mitigation provided. They identified both the deflection and 
diffraction of the blast wave as well as the conversion of blast wave energy into kinetic 
energy of the water as key mitigation mechanisms. Furthermore, Chen and colleagues 
dismissed the influence of water evaporation due to the lack of proximity between the 
explosive charge and the water wall.  
 
Whilst Chen et al. [83] described the benefits of the water wall, they also noted that their 
experiments do not capture the potential momentum transfer from the water wall to a 
target, which Kirkpatrick et al. [81] has shown can be a major source of target loading. A 
numerical modelling study by Lottero [84] of a water wall in a munitions storage facility 
revealed the potentially high velocities attained by a water wall when subjected to blast 
loading.   
 
2.2.3 Compartment (Internal Blast)  
Mitigating explosions within compartments is relevant to naval platforms as well as 
munitions storage facilities. An explosive that is detonated within a compartment causes 
increased structural loading due to the build-up of the gas pressure and the internal 
reflection of shock waves. For this reason the assessment of the blast loading is typically 
done using the quasi-static overpressure rather than the peak incident/reflected pressure 
or impulse of the incident shock wave.  
 
Keenan and Wager [85] conducted a series of small-scale tests using a 1/12th scale model 
of a munitions storage facility with a three-sided water arrangement as well as fully 
enclosing the charge in water to mitigate the gas pressure. A 2.1 kg (4.67 lb) TNT charge 
was used with a Wm/Cm ratio of 2.9. The volume of the compartment was 32 m3 (1150 ft3). 
This resulted in a charge mass-to-compartment volume ratio (Cm/Vc) of 0.066 kg/m3. The 
quasi-static pressure within the compartment was reduced by up to 89% for the three-
sided water arrangement, with a slight enhancement in mitigation for the fully enclosed 
case. Keenan and Wager [85] describe the importance of the blast wave in breaking up the 
bulk water into smaller droplets that present a larger surface area. This is the ideal 
condition for the evaporation of water droplets and a reduction in the energy of the blast 
loading. A more detailed discussion on evaporation is presented in Section 2.3.1.  
 
Numerical modelling of the experiments by Keenan and Wager [85] was conducted by 
Malvar and Tancreto [86] as well as by Edri et al. [87]. Both modelling investigations 
identified the importance of capturing the energy input from afterburning of the 
detonation products in the base-line test. Malvar and Tancreto [86] noted that only the 
numerical codes where the combustion of detonation products was included were able to 
account for the experimental results while Edri et al. [87] developed a simplified approach 




Marchand et al. [88] reported a quasi-static pressure reduction of 70% inside a 
compartment when a charge was surrounded with water. The slightly lower mitigation 
found when compared to the results of Keenan and Wager [85] may due to the higher 
Cm/Vc ratio of 3.2. According to Edri et al. [87], this Cm/Vc ratio is above the critical value 
for afterburning to occur within the compartment. Hence if afterburning suppression was 
a major mitigation mechanism in the Keenan and Wager experiments [85] it would be 
expected that there would be additional suppression using water in their experiments. 
 
Absil et al. [89] conducted small-scale tests with a Cm/Vc ratio of 0.13 kg/m3 and varied 
the Wm/Cm ratio from 0.5-6, which corresponded to reductions in the quasi-static pressure 
of 50-80%. They measured no enhancement in the blast mitigation for Wm/Cm ratios above 
3. Additional experiments with an air gap between the explosive and water for a Wm/Cm 
ratio of 5 whilst maintaining complete enclosure of the charge resulted in an 85% 
reduction in the quasi-static pressure. The removal of the top section of the water mitigant 
while maintaining the same Wm/Cm ratio with an air gap resulted in a slight reduction in 
the mitigation provided. This is consistent with the findings of Keenan and Wager [85], 
and suggests that the water needs to fully confine the explosive to maximise mitigation. 
This effect was also noted by Cheng et al. [80] for free-field blast. Absil et al. [89] suggests 
that neither the conversion of blast wave energy to the kinetic energy of the water nor 
evaporation can account for the level of mitigation measured experimentally. Whilst they 
were inconclusive about the role of evaporation, their research suggests that multiple 
mitigation mechanisms are responsible for the reduction in quasi-static pressure when 
using water as a blast mitigant within compartments. 
 
Within compartments for naval platforms, water misting systems are typically employed 
as part of the fire suppression system [69]. As such there is potential to use this system as 
part of the blast protection system. Bailey et al. [72] assessed the ability of water mist to 
reduce the quasi-static pressure from TNT charges ranging from 0.9 kg to 3.2 kg. Cm/Vc 
ratios of 0.013-0.049 kg/m3 were used in the experiments. A reduction in quasi-static 
overpressure of 40-50% was measured during the test program. A follow-on program by 
Willauer et al. [73] assessed the ability of water mist to reduce the impulse, peak 
overpressure and quasi-static pressure from an explosion in a compartment with a 22.7 kg 
charge for a range of explosive types (TNT, Destex, PBXN-109). A slightly larger blast 
chamber was used in these experiments resulting in a Cm/Vc ratio of 0.12 kg/m3. Willauer 
and colleagues measured reductions in the impulse of 40-50% and reductions in the  
quasi-static pressure of 30-40%. This level of mitigation is well below the values reported 
by Keenan and Wager [85], however the Wm/Cm ratio for the highest density of water mist 
was only 0.5, which is well below the Wm/Cm value used in experiments with bulk water. 
Willauer et al. [73] also measured an increase in blast mitigation with increasing density of 
water mist, which is analogous to the results found for bulk water. The suppression of 
afterburning does not appear to be significant as the mitigation did not vary between the 
different explosive types. No definitive conclusion was drawn on the mitigation 
mechanisms as numerical studies that were conducted concurrently by Schwer and 
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Kalaisanath [90] and Ananth et al. [91] provided different interpretations of the relative 
importance of evaporation and the conversion of blast wave energy into kinetic energy of 
the water.   
 
2.2.4 Compartments with Tunnel Systems 
Mitigating blast within compartments and tunnel systems is important for munitions 
storage facilities. These facilities typically store explosives within compartments that are 
connected via a system of tunnels. Large-scale tests inside munitions storage facilities at 
Älvdalen were conducted by Forsen et al. [92] without water mitigation and with 2000 kg 
of water. The tests used stacked artillery shells (1000 kg TNT) that were placed in an 
explosive storage chamber (Chamber A) that was connected to a 75 m long tunnel, 
creating a Wm/Cm ratio of 2. A schematic of the Älvdalen tunnel is shown in Figure 2.13. 
The results indicate that the water provided a minor reduction in pressure within the 
tunnel and at the exit. However, higher pressures were recorded at a larger distance from 
the entrance when the water mitigation was used. Prior to the tests, small-scale 
experiments using a 1/20th scale model of the Älvdalen facility were performed by  
Forsen et al. [93]. The charge mass was 200 g and Wm/Cm ratios of 2 and 3 were used in the 
experiments. Pressure gauges were placed within the tunnel, at the exit, and at a distance 
outside the tunnel. The peak incident pressure was reduced by 50%, for tests with water in 
contact with the explosive. However, only a 10% reduction was measured when the water 
was placed away from the explosive. The small-scale experiments by Forsen et al. [93] also 
revealed that the water was able to mitigate fragmentation damage from the cased 
charges. Forsen et al. [94] discuss the differences in pressure-time histories between the 
incident and dynamic pressure outside the tunnel. They describe the formation of a jet of 
detonation products at the exit of the tunnel, which is not measured using the incident 
pressure gauge. 
 
Small-scale experiments conducted by Joachim and Lunderman [95] show that water 
provided a 70% reduction in the peak incident pressure within the chamber, tunnel and 
outside the tunnel. However, smaller reductions (30-40%) were found for the peak 
reflected pressure. Forsen et al. [94] used numerical simulations of the experiments to 
highlight that the water does not reduce the dynamic pressure at the exit of the tube in-line 
with the jet. They suggest that the reflected pressure gauge outside of the tunnel in the 
Joachim and Lunderman [95] experiments was outside of the jet, as this would explain 
why they observed a reduction in reflected pressure.  
 
Similar small-scale tests were conducted by Bryntse et al. [96] who used a variable 
explosive compartment-to-tunnel diameter to assess the effects of water for both cased and 
uncased charges. A Cm/Vc ratio of 4 kg/m3 and a Wm/Cm ratio of 2 were used in the 
majority of experiments. The ratio of the cross-sectional area of the compartment and 
tunnel (Ac/At) was varied between 2 and 8. There was a 60% reduction in the quasi-static 
pressure for an Ac/At ratio of 8, while only a 15% reduction in QSP was observed for an 
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Ac/At ratio of 2. This result was thought to be linked to the faster venting of the detonation 
products through the tunnel, which reduced the time for shock reflections in the 
compartment to break-up and evaporate the water.  The tests also revealed that water was 
equally effective against cased and uncased charges. 
 
 
Figure 2.13 Schematic of the Älvdalen tunnel complex [86]. The explosive was located  
   in Chamber A. 
 
2.2.5 Novel Water-Based Blast Mitigation Technology 
A number of protection systems have evaluated the ability of water to redistribute the 
blast wave energy away from the target. Wolfson [97] investigated the effects of water-
filled containers to mitigate the loading from a steel plate projectile on an adjacent steel 
structure. A series of cylindrical water-filled containers were integrated into a kinetic 
energy defeat device (KEDD), as shown in Figure 2.14, whose function is to redirect the 
energy from the steel plate projectile away from the adjacent steel structure. The KEDD 
was scalable with different numbers of water containers, but in all cases significantly 
reduced the momentum transferred to the target plate. Numerical modelling of the 
experiments in the CTH hydrocode indicated that the KEDD created jets of fluid that 
redirected the kinetic energy away from the target, although the analysis typically  
under-predicted the level of mitigation provided by the KEDD. Numerical simulations 
indicated that the KEDD, which creates gaps between the water-filled containers, 
outperformed a water wall of the same mass.  
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Other kinetic energy redirection systems have been developed for body armour and 
armoured vehicle protection. For body armour, Chen et al. [98] developed a hydraulic 
energy redirection device which consisted of a series of water-filled plastic tubes that were 
placed in front of Kevlar body armour. The tubes transfer energy from the shock wave to 
kinetic energy of the water in a perpendicular direction to the loading. Tests using a shock 
tube to replicate blast loading revealed an incident pressure reduction of 97% behind the 
body armour panel when compared to no mitigation. A similar mechanism was proposed 
for the protection of vehicles through so-called “Shock Transfer Armour” [99], whereby a 
plate loads a fluid suspension containing beads of sodium polyacrylate and/or polyvinyl 
alcohol which spreads radially away from the target.  
 
 
Figure 2.14  Single layer KEDD setup. [97] 
 
Bao et al. [100] presented the concept of pushing water through a nano-porous material 
such as zeolite to mitigate blast loading. Molecular dynamics simulations and experiments 
using a water-zeolite mitigation system indicated the potential to reduce the peak force 
delivered to the target by up to 70% when the design of the nano-pores was optimised. 
Experiments using nano-porous zeolite resulted in an 80% reduction in the peak reflected 
pressure and a significant reduction in the reflected impulse at the back face of the zeolite. 
Molecular dynamics simulations were conducted by Grujicic et al. [101] and compared the 
water-zeolite mitigation system to bulk water. They calculated only a 5% reduction in the 
peak reflected pressure, which suggests that there was minimal benefit in including the 




2.2.6 Comparing Other Mitigants to Water 
A number of researchers have compared the performance of water to other mitigants for 
different blast loading scenarios. This section provides an overview of the work. 
 
2.2.6.1 Glycerine 
Glycerine is a fluid with a higher density and lower specific heat capacity than water, and 
has been evaluated as a blast mitigant by a number of researchers. Allen et al. [80] and 
Kirkpatrick et al. [81] conducted tests where explosive charges were surrounded by 
various mitigants, and they found that glycerine (density of 1.24 g/cm3) outperformed 
water in reducing the peak incident pressure. As water has twice the specific heat capacity 
and latent heat of vaporisation, they suggested that the density of the fluid rather than its 
specific heat capacity was an important factor in blast mitigation. Resnyansky and Delaney 
[70] reported similar findings in their experiments with glycerine and water, with 110 L of 
water providing the same level of mitigation as 70 L of glycerine. The setup for these 
experiments was identical to the one shown in Figure 2.11. They suggest that the effect of 
the fluid properties on the droplet breakup and phase transformations were likely factors 
in the differences between water and glycerine. As previously described, the mitigation 
from water asymptotes at higher Wm/Cm ratios, which may have made it difficult to 
distinguish between the two mitigants in these experiments where a Wm/Cm ratio of 220 
was used. No measurement of reflected pressure or impulse has been made comparing 
water to glycerine.  
 
2.2.6.2 Sand and Other Porous Materials 
Sand is a porous material with a lower sound speed and higher density than water and it 
has been evaluated for blast protection applications. Allen et al. [83] and Kirkpatrick et al. 
[84] surrounded an explosive with different mitigants and found that sand (density of  
1.63 g/cm3) outperformed water in terms of reducing the peak incident pressure for scaled 
distances from 0.6 to 11 m/kg1/3. Similar results were reported by Homae et al. [102] using 
small-scale experiments with 100 g pentolite spheres and sand (density of 1.52 g/cm3). 
Gel’fand et al. [103] measured that sand provided greater blast mitigation than water, and 
surmised that the mass of the mitigant in relation to the explosive charge was the most 
important variable in determining the mitigation provided. They also noted that the mass 
of the container material (in their case an elastic shell) also had an effect on the mitigation 
provided. 
 
Allen et al. [83] and Kirkpatrick et al. [84] also conducted experiments with perlite  
(0.16 g/cm3), which provided a similar level of mitigation as sand in terms of the peak 
incident pressure, with a substantially lower increase in mass. Near-field reflected 
pressure measurements were conducted by Kirkpatrick et al. [84] where mitigants 
surrounded the charge. The reflected pressure measurements indicated that while both 
sand and perlite out-performed water, only the perlite resulted in a lower loading than the 
  
36 
unmitigated charge. They concluded that both density and porosity were important 
properties of a material controlling blast mitigation.   
 
Homae et al. [102] and Sugiyama et al. [104] investigated the addition of polystyrene 
spheres to a water gel in varying ratios to identify their potential for blast mitigation. The 
experiments and numerical simulations identified that an equal ratio of polystyrene and 
water gel (density of 0.5 g/cm3) provided the largest reduction to the peak incident 
pressure and best impulse mitigation of the water-based mitigants. It was suggested that 
the porosity is important as the air voids enable a greater conversion of the blast energy 
into heat, thereby reducing the peak pressure. They note that there is a trade-off due to 
density with this effect. As the mitigant material becomes lighter its velocity increases and 
it can drive a pressure or shock wave ahead of the mitigant with greater energy.  
 
2.2.6.3 Water Based Foam 
Water-based foam has a lower sound speed and density than water, and therefore has 
been considered by a number of researchers for blast protection applications. Water-based 
foam was made by Allen et al. [83] using micro-balloons and water to create a so-called 
‘wet foam’ (density of 0.5 g/cm3). The water-based foam, which surrounded the explosive, 
was found to out-perform bulk water in terms of mitigating the peak incident pressure at a 
range of stand-off distances; providing a similar level of mitigation as perlite.  The use of 
water-based foam for free-field blast mitigation was also evaluated by TNO [74]. They 
assessed the effect of water-based foam on a range of explosives, although no details of the 
foam density were provided. For a 20 kg RDX explosive they measured reductions of  
25-45% in both the peak incident pressure and impulse with an 80 cm layer of foam 
around the explosive. Similar peak incident pressure reductions were measured with a  
50 kg ANFO explosive, but the incident impulse was only reduced by a maximum of 20%. 
 
Hartman et al. [75] conducted experiments with water-based foam whereby a 
hemispherical surface charge was placed within an enclosure that was filled with foam of 
varying expansion ratios. All pressure measurements appear to be made within the foam 
itself to quantify the attenuation of the pressure wave as it travelled through the foam. The 
experiments reported by Hartman et al. [75] indicated an optimum foam density 
(expansion ratio of 60), which provided the highest reductions in the peak incident 
pressure and impulse. Britan et al. [105] reviewed a range of experiments and identified 
that increasing the density of the foam increased the mitigation of the peak incident 
pressure. They suggested that close to the charge, where the pressure and impulse from 
the shock wave are higher, the density of the foam is the major variable in determining the 
level of mitigation. However, when the shock wave is weaker, the foam structure plays a 
major role in the mitigation provided.  
 
Breda et al. [106, 107] conducted shock tube experiments with water-based foam having 
bubble diameters of 0.5 mm and 5 mm using the experimental setup shown in Figure 2.15. 
They found that for a weak shock with a Mach number of 1.5, a pressure wave was 
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transmitted through the foam and that it travelled faster in the larger bubble diameter 
foam. Figure 2.15 presents the results for these tests and it is shown that the shock wave 
interaction with the foam resulted in a higher pressure in the foam than the air, which was 
consistent with the Rankine-Hugoniot equations. They also found that the larger bubbles 
resulted in a lower incident pressure within the foam. These experimental findings were 
consistent with the results of Del Prete [108] but not with those of Hartman et al. [75]. It 
was suggested that differences in the bubble size in the work of Hartman et al. [75] may 
have caused this discrepancy.  
 
 
Figure 2.15 (Top) Schematic of shock tube experiments conducted by Breda et al. [107]  
   (Bottom) Recorded pressures from shock tube experiments. [107] 
 
Silnikov and Mikhaylin [109] describe the development of the ‘Fountain-3MK’ device that 
is capable of protecting an airplane against a 2 kg TNT explosive when it is placed within 
the device. The device uses a water-based foam system (of unknown composition) that 
takes advantage of the reduced soundspeed and compressibility of the material to limit the 
blast loading. They describe the principle as being twice as efficient as a bulk water-based 
system for mitigating blast. Gel’fand and Silnikov [110] indicate that a two-phase medium 
such as a water-based foam loses its benefit as the charge size increases. These findings 
suggest that water-based foams may not provide effective mitigation in the near-field, 
although further research is needed to confirm this.   
 
Large bubbles – 5 mm 
Small bubbles – 100 μm 
Shock wave propagation direction 
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2.3  Blast Mitigation Mechanisms 
This section describes the potential physical mechanisms by which water containers may 
provide near-field blast mitigation.  
 
2.3.1 Evaporation 
The heat of detonation for TNT is 4.85 MJ/kg, while the latent heat of evaporation of water 
is 2.26 MJ/kg. If the detonation energy from TNT can be transferred into the water and 
cause evaporation, a significant portion of energy may be removed from the blast wave 
generated by the explosive. The capacity of water to reduce the peak pressure in a blast 
event is dependent on its ability to aerosolize and evaporate within the timescale of the 
loading. When an explosive is surrounded by water a shock wave is transmitted into the 
water and reflects off the back face of the water volume, creating spalling at the back face 
of the water. This breaks the water up into droplets and thereby creates velocity gradients 
within the water. These velocity gradients result in break-up of the water into a cloud of 
droplets, which will be further broken up over time [94]. Shock wave reflections from 
compartment walls are expected to further break-up the droplets. 
 
A range of evaporation models [111, 112] are compared by Grujicic et al. [113] and shown 
in Figure 2.16. All models calculate that it takes ~5 ms to evaporate droplets of 50 μm in 
diameter. Grujicic et al. [113] also used the work of Schmehl et al. [114] to calculate that it 
would take 0.5-2 ms to generate an average droplet size of 50 μm for an explosive in 
contact with water. Thomas [115] and Van Wingerden [116] report that larger droplets will 
break-up, while droplets of an intermediate size (20-200 μm) will move easily with the 
flow and not be subjected to the same forces that cause break-up of larger droplets. This 
indicates that water mists should not use these droplet sizes for effective mitigation. 
 
 
Figure 2.16 Evaluation of the evaporation time for various water droplet diameters  
   based on a range of evaporation models. [113] 
 
A number of researchers [70, 89, 91, 113] have considered evaporation as a mitigation 
mechanism for both free-field and confined blast events where water is used as the 
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mitigant. Absil et al. [89] used the thermodynamic codes CHEETAH and TIGER to analyse 
the influence of evaporation, and calculated a reduction in the peak incident pressure of 
25% for a Wm/Cm ratio of 1, with the water surrounding the charge. Larger Wm/Cm ratios 
indicated a maximum reduction of 40% could be achieved due to water evaporation. Absil 
and colleagues calculated an upper limit of mitigation for a given charge mass due to the 
explosive only being able to effectively evaporate a given quantity of water within the 
short time period.  
 
The energy required to break-up water into smaller droplets was investigated by Adiga et 
al. [117] based on the surface energies of the initial and final droplet size distributions. The 
results indicated the break-up process consumed minimal energy, although it was an 
essential process leading to evaporation. This suggests that for evaporation to be a major 
mitigation mechanism, the time-scale of the loading must be longer than the time to  
break-up and evaporate the water droplets.  
 
Schwer and Kailasanath [90] used numerical simulations to investigate the influence of 
evaporation on the blast mitigation of water mist. The simulations assessed a 2.12 kg TNT 
charge surrounded with a water mist, and were based on the experiments conducted by 
Willauer et al. [73]. They investigated the importance of the droplet size, mist density and 
proximity of the water mist to the explosive. The simulations showed that evaporation had 
minimal influence on the mitigation provided, and that the conversion of the shock wave 
energy into kinetic energy of the water was the major mitigation mechanism. Ananth et al. 
[91] conducted a similar numerical study based on the same experiments, but allowed the 
droplets to break-up in their simulations. The break-up of droplets significantly increased 
the rate of evaporation at the shock front and these simulations computed that evaporation 
was the dominant mitigation mechanism. However, the simulations did not accurately 
predict the experimental results, thereby making it difficult to draw conclusions based on 
the numerical studies. 
 
In all studies discussed in this section, it is noted that although evaporation of the water 
reduces the temperature of the flow which acts to reduce the gas pressure, the density of 
the gas is increased, which may offset some of the benefits of reducing the temperature.  
 
2.3.2 Suppression of Afterburning 
A number of commonly used explosives such as TNT are oxygen deficient and a 
significant amount of energy can be introduced due to the combustion of the detonation 
products following an explosion. This process is referred to as ‘afterburning’. The 
experimentally derived heat of combustion of TNT is 9.6 MJ/kg [113]. Hence the energy 
available from afterburning is approximately twice the energy due to detonation for the 
TNT. The heat of combustion for C4, which is a more oxygen balanced explosive than TNT 
was determined by Ripley et al. [118] to be 1.4 MJ/kg. Whilst the potential afterburning 
effect of C4 is lower than TNT, it still represents a potentially significant enhancement in 
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the blast loading, especially for confined charges where quasi-static pressure is the key 
measure of the loading. If water is able to suppress the afterburning reaction then this 
could be one of the major mitigation mechanisms by which water reduces the loading on a 
target. However, experiments conducted by Willauer et al. [73] using water mist identified 
minimal differences in the mitigation provided when using three different types of 
explosive (TNT, Destex and PBXN-109). The experiments were conducted inside a 
chamber with a Cm/Vc ratio of 0.12 kg/m3. This ratio is well below the 0.41 kg/m3 limit 
that Edri et al. [87] indicated is the limit for complete afterburning to occur. Based on the 
previous literature, there is a clear gap in understanding of the role that afterburning 
suppression in mitigation provided by water.  
 
2.3.3 Momentum Extraction  
The conversion of energy from the blast wave into kinetic energy of water has been 
described as a blast mitigation mechanism by several researchers [89, 90, 113, 119]. For an 
explosive charge surrounded by water the mass of the water may behave in a similar 
manner to the casing of an explosive charge, with the detonation products transferring a 
portion of their momentum to the water. As the velocity of the water and detonation 
products are reduced, so too is the velocity and pressure of the shock wave generated from 
the explosive charge. The modified FANO equation is described by Needham [15], and 
indicates that for a casing mass-to-charge mass ratio of 3, only 66% of the explosive energy 
is in the blast wave. Further increases in casing mass provide minimal reductions in the 
explosive energy available. This is analogous to the work of Absil et al. [89], who noted 
increasing the Wm/Cm ratio above 3 provided no further reduction to the quasi-static 
pressure within a container. Numerical simulations by Cheng et al. [78] also suggest that 
minimal increases in mitigation occur when the Wm/Cm ratio is above 3.  
 
Numerical simulations of a water barrier and explosive charge that neglected evaporation 
and water break-up were performed by Absil et al. [89] to identify the ability of 
momentum extraction to explain the levels of blast mitigation observed in experiments. 
Their simulations indicated that a 60% reduction in the peak incident pressure could be 
obtained. This value is below the 85% reduction in quasi-static pressure obtained in the 
compartment tests presented in the same study, which led Absil and colleagues to 
conclude that shock reflections were likely to enhance the importance of evaporation 
within a compartment. This indicates that multiple mitigation mechanisms are likely to be 
responsible for the blast mitigation provided by water.  
 
The conversion of blast wave energy into kinetic energy of the water reduces the peak 
incident pressure but may also increase the impulse delivered in the near-field, as shown 
by Kirkpatrick et al. [81]. This scenario was also described by Wilcox [119] and Salter et al. 
[120] who noted that surrounding an explosive charge with water bags generated slugs of 
water that may cause more damage to structures surrounding the explosion. To address 
this issue, Salter et al. [120] developed a concept with water bags where they were 
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arranged to spread radially under blast loading. The water from each bag interacts with 
the water from adjacent bags to cancel out the momentum of the water, thus reducing the 
energy of the blast wave and water slugs. This will diminish their effectiveness in causing 
damage to a structure. The radial spreading of water is a mechanism by which water can 
mitigate the loading from an explosive event. When the kinetic energy within the water is 
directed away from the target, it reduces both the peak reflected pressure and impulse 
transferred to a structure. This technique has been successfully applied by Wolfson [97] 
through the KEDD shown in Figure 2.15, as well as in [98, 99] indicating this mitigation 
mechanism can be successfully applied in certain scenarios.  
 
The mass of the mitigant has previously been described in terms of the casing thickness, 
but for the protection of armoured vehicles the effect of added mass on the impulse 
transferred through to the armour plate must be considered. Rahimzadeh et al. [121] 
presented the basic conservation of momentum equations for both elastic and inelastic 

























  Inelastic collisions              (2.3) 
 
Where mt is the mass of the target, ma is the mass of the armour, It is the impulse 
transferred to the target and I0 is the initial impulse.  
 
These equations reveal that a reduction in the impulse delivered to a target can be 
achieved by increasing the energy dissipation in the interactions and/or increasing the 
mass of the armour/mitigant. The use of a water-filled container as part of the armour 
protection system may result in additional energy dissipation through more inelastic 
collisions. If the water-filled container is considered as the armour system, these equations 
indicate that increasing the mass of the water-filled container will reduce the impulse 
delivered to the target which is represented by the armour steel hull.  
 
2.3.4 Shadowing 
The concept of shadowing was briefly introduced in relation to the use of water or rigid 
walls to mitigate blast loading against structures in the far-field. Shadowing occurs when 
an obstacle is placed in the path of a blast wave. Needham [15] provides a ‘rule-of-thumb’ 
for defining the low pressure ‘shadow’ region as being 4-5 times the dimension of the 
structure in the direction perpendicular to the flow. The importance of the structural 
response on shadowing of a blast wave is described by Needham [15]. An experiment with 
a mild steel house and a balsa wood house detected no differences in the visual 
appearance of the diffracted shock waves generated by both structures until well after the 
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shock wave had passed beyond the house. This suggests that the structure does not have 
to be rigid to generate a shadowing effect on a blast wave.  
 
A numerical simulation of a water wall was performed by Chen et al. [83] using 
AUTODYN®, and is shown in Figure 2.17. The high pressure region of the blast wave is 
shown above the height of the wall, while the region directly behind the wall has a 
pressure that is lower and is defined as the shadow region. For this example the reduction 
in pressure is ~50% directly behind the water wall.  
 
The development of a shadow region behind a structure is definitely a blast mitigation 
mechanism, although its relevance to the mitigation provided by water-filled containers 
placed in front of a target in the near-field is unknown. Within the near-field, the 
momentum transferred to a water container must be considered in addition to the incident 
peak pressure.  
 
 
Figure 2.17 Numerical simulation of blast wave passing a water wall highlighting the creation 
   of a low pressure ‘shadow’ region behind the water wall. The blast wave is  
   travelling to the right. (Adapted from [83]) 
 
2.3.5 Peak Pressure Modification / Shock Impedance Mismatch 
Compressible materials such as foams and honeycombs have been shown to reduce the 
peak pressure transmitted to a structure. Mitigant materials such as sand, water foams or 
aerated water are all compressible and may act to reduce the peak pressure and extend the 
duration of the loading. Analytical models for the deformation of simply-supported and 
clamped plates were developed by Jones [39]. These models are typically plotted in terms 
of a non-dimensional impulse and a non-dimensional deformation. An example is shown 
in Figure 2.18, where the model is plotted for a simply-supported square plate. The 
different lines represent varying ratios (η) of the reflected pressure (Pr)/critical pressure 
(Pc). It is clear that as η increases, so too does the deformation for a given impulse. This 





pressure is of a similar order of magnitude as the critical pressure for plastic deformation 
of the plate.  
 
 
Figure 2.18  Effect of η on the maximum permanent deformation using the analytical  
 model of Jones [39] for simply supported circular plates. 
 
Shock impedance refers to the opposition that a material presents to transmission of a 
shock wave and is defined as 0US where 0 is the initial density and US is the shock 
velocity at a given particle velocity [15]. For an air blast scenario whereby the shock wave 
interacts with steel, the ratio between the impedance of steel and the impedance of air is 
~1.8x106 [15]. Hence the shock wave will be almost completely reflected from the plate 
surface. The reflection of the shock wave and detonation products results in a significant 
pressure being applied to the steel, which is responsible for its deformation. Whilst the 
shock wave is reflected at the surface, the applied pressure generates a stress (pressure) 
wave within the steel. In the case of the shock wave interacting with a water-filled 
container the ratio of impedance is ~1.6x104 for water and ~2.4x104 for high density 
polyethylene. This indicates that it is likely that a pressure wave rather than a shock wave 
will be transmitted into a water-filled container from an air blast.  
 
Breda et al. [107] subjected water-based foams to weak shocks and observed that although 
the shock wave was reflected, the magnitude of the pressure wave transmitted was 
increased when compared to the shock wave propagating in air. Their analysis using the 
Rankine-Hugoniot equations and a fit using the ideal gas model for both the air and foam 
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indicates that the transmitted pressure is governed by the impedance mismatch and the 
peak pressure of the shock wave. This suggests that the pressure transmitted into a  
water-filled container will be different to a steel plate given the differences in shock 
impedance of the materials.  
 
2.3.6 Rarefaction Waves 
A comprehensive review and assessment of blast wave clearing due to the generation of 
rarefaction waves was conducted by Rigby [122]. A rarefaction (clearing) wave is 
generated when a shock wave interacts with the edge of the structure. At the free edge, a 
reflected shock wave is generated and moves away from the target surface while an 
incident wave diffracts around the edge of the structure. This generates a pressure 
imbalance between the two waves and a flow between the two pressure regions. A 
rarefaction wave is generated at the free edge and travels along the target surface back 
towards the centre of the target, reducing the pressure and impulse acting on the target 
[122]. Figure 2.19 presents a schematic of this process for an incident shock wave that 
represents a far-field blast loading condition. As the rarefaction wave reduces the pressure 
acting on the target, it is a mitigation mechanism that could be used as part of a blast 
protection system. The finite size of a fluid container may generate a clearing wave and 
this could be a potential mitigation mechanism.  
 
 
Figure 2.19 Schematic of rarefaction wave formation at the edge of a target subjected to 
 an incident shock wave. [122] 
 
While a range of models have been developed to assess the effects of clearing, the Hudson 
model [123] was assessed by Tyas et al. [124, 125] and Rigby [122] and found to provide 
accurate predictions when compared to experimental results on targets in the far-field. 
This particular model accounts for the temporal and spatial distributions of the rarefaction 
wave, and allows the superposition of multiple rarefaction waves. As the Hudson model is 
based on acoustic theory it may only valid for low strength shock waves. Its applicability 




2.3.7 Cavitation / FSI Effect 
The process of rupturing a liquid by reducing the pressure (into a state of tension) at a 
constant temperature is commonly referred to as cavitation [126]. The onset of cavitation in 
a fluid is enhanced by nucleation sites, where microscopic voids are generated due to 
thermal motion within the fluid (homogenous nucleation) or contaminant particles or 
gases within the fluid (heterogeneous nucleation). Whilst these contaminants can be 
removed within a laboratory environment they will be present within practical 
engineering applications and hence reduce the tensile strength of the fluid. The interface 
between a solid and the fluid is also a common site for the nucleation of voids [126]. 
 
Taylor [127] characterised the response of a rigid plate to an underwater shock wave, and 
noted that the mass of the plate had a significant influence on the momentum transferred 
to the plate. The movement of the fluid-structure interface results in the generation of a 
tensile wave, which reduces the pressure in the fluid and resulting in the onset of 
cavitation. This tensile wave also reduces the transmission of loading to the rigid target 
plate. This is commonly referred to as the ‘fluid-structure interaction’ (FSI) effect. 
Experiments were conducted by McShane et al. [128] and Schiffer and Tagarielle [129] to 
determine the impulse transmitted from an underwater blast load to a sandwich panel. 
These results were then compared with the analytical predictions from Taylor [127] for a 
rigid plate. McShane et al. [128] measured a reduction in the transmitted impulse of  
75-85% due to the FSI effect when using the sandwich panels, but noted only minimal 
improvement when compared to monolithic plates. Schiffer and Tagarielle [129] had 
similar findings when examining air-backed sandwich panels, but noted a larger 
difference between sandwich and monolithic panels for water-backed panels. The 
transmitted impulse from a water-backed sandwich panel was reduced by up to 60% in 
some configurations when compared to a 45% reduction for a monolithic plate.  
 
Deshpande and Fleck [130] compared the one-dimensional response of monolithic and 
sandwich plates using numerical and analytical modelling. They identified a second 
loading phase due to the cavitation closure which was not accounted for in the analytical 
models developed by Taylor [128]. They calculated an ~20% increase in the impulse 
delivered to the plate for their test condition due to the additional loading phases. 
Experiments conducted by Schiffer and Tagarielle [131] on clamped circular composite 
plates indicated the presence of multiple loading phases due to the expansion and collapse 
of cavitation zones which affects the loading and deformation of a target. Experiments on 
underwater shock loading and associated numerical simulations were also conducted by  
Espinosa et al. [132]. Figure 2.20 presents the test condition and some of the numerical 
simulation results from their study. Following the initial loading on the panel (at the time 
of 280 μs), a low pressure region is generated creating cavitation bubbles near the plate 
surface (at the time of 514 μs). The collapse of these cavitation bubbles (cavitation closure) 





Figure 2.20 (a) Setup of underwater shock loading experiments. 
   (b) Numerical modelling results of the experiments highlighting both   
   cavitation and pressure loading due to cavitation closure.  
   (Adapted from [132]) 
 
The FSI must be considered as a potential mitigation mechanism due to the use of water-
filled containers in front of a steel target subjected to near-field blast loading. In addition, 
there is a strong likelihood of cavitation occurring within a water-filled container. Hence 
the potential role of multiple loading phases should be considered.  
 
2.4  Summary and Research Gap Analysis 
Water has been previously investigated for use in a wide range of blast protection 
applications. Whilst the applications vary, the majority of the assessments have been 
conducted using an analysis of the incident pressure for free-field conditions and  
quasi-static pressure for confined conditions. Almost all of these studies report that water 
provides a significant amount of blast mitigation (up to 85%). However, very few studies 
have assessed the effect of the water on dynamic pressure. Some studies in the near-field 
that included an assessment of the dynamic pressure and/or momentum transferred to a 
target indicated that water could increase the loading on a target, although this was only 
found when the water surrounded the charge.  
 
The major mitigation mechanisms that are commonly referred to for blast protection using 
water are evaporation and momentum extraction. Whilst other researchers have attempted 
to establish the dominant physical mechanism for each of the blast scenarios presented, 
there is still a lot of conjecture over the relative importance of each mitigation mechanism 
and further work is required to fully understand the physical mechanisms behind blast 








There is only one previous study [14] that directly evaluates the use of water-filled 
containers for protecting a target in the near-field. Whilst the water-filled container used in 
that study provided a significant level of blast mitigation, experiments were only 
conducted using a single container size with a constant charge size and stand-off 
condition. In addition, no numerical simulations of these experiments were performed so 
extrapolating the benefits of alternate water-filled container configurations cannot be 
performed at this time. For practical applications, an understanding of the influences of 
the container geometry, the fill material and the effects of charge size and container  
stand-off are required for implementation and optimisation as a blast protection system.  
 
The use of a water-filled container in-front of a target within the near-field provides the 
potential for a range of additional blast mitigation mechanisms to become important in the 
analysis. The impact of the container geometry on shadowing and rarefaction waves needs 
to be explored as well as the role of the cavitation of the water within the container. For 
alternative mitigants such as sand, the influence of the density and porosity have been 
shown to affect the mitigation provided and their influence should be assessed for  
near-field scenarios using a mitigant-filled container. 
 
The research chapters presented in this thesis aim to investigate many of these unknowns 
and enhance the understanding of how to effectively use water and other mitigant-filled 
























Chapter 3 – Research Methodology 
The focus of the research undertaken as part of this PhD project was to evaluate the 
physical mechanisms responsible for the near-field blast mitigation provided by  
water-filled containers. The experimental and numerical modelling methodologies to 
evaluate the performance of the containers and the associated mitigation mechanisms are 
described in this chapter. The general approach was to use experimental investigations to 
determine the performance of different water-filled containers and provide validation data 
for numerical simulations. Following their validation, the numerical simulations were then 
used to determine the mitigation mechanisms.  
 
3.1  Experimental Methodology 
3.1.1 Techniques to Measure Localised Deformation 
Preliminary experiments conducted by Bornstein et al. [14] demonstrated that water-filled 
containers can provide a significant reduction in the localised deformation of a steel target 
plate, but may not have as meaningful of an effect on the impulse transferred to the target. 
As such the focus of the investigation was to evaluate the role of water in reducing target 
deformation under near-field blast loading conditions. There are a range of test 
methodologies for conducting localised deformation testing of materials. In general, the 
major differences between test techniques are the boundary conditions for the target 
specimen. The four boundary conditions most commonly used in blast protection 
experiments are: 1) clamped boundary condition; 2) simply-supported boundary 
condition; 3) slip boundary condition; and 4) free boundary condition. These will be 
described in more detail in the following sections.  
 
3.1.1.1  Clamped Boundary Condition 
The clamped boundary condition is probably the most common setup found in the 
literature for blast experiments [14, 42, 133, 134]. The test panel is generally bolted to a 
fixture using an aperture plate. The torque on the bolts provides a compressive loading to 
the aperture plate and the test fixture, which clamps the edges of the plate. The clamped 
boundary condition results in high stresses at the edge of the panel and has lower 
deflections than the simply-supported boundary condition for the same panel size and 
input loading [39]. Ackland et al. [133] used a clamped boundary condition to evaluate the 
performance of polyurea coatings in reducing the deformation of mild steel targets caused 
by localised blast loading. Figure 3.1 shows the clamped boundary test fixture used in 
their investigation, where an aperture plate was placed over the test plate and 28 bolts 
were used to exert the clamping force. This setup provides a simple method to measure 
the permanent deformation, as the plate edges remain flat after testing. In addition, the 
clamping provides a space below the plate to safely place instrumentation. One issue is 
that a perfectly clamped plate cannot be achieved experimentally as the clamping force is 
applied by the aperture plate is generally limited by the bolt configuration. Whilst the 
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peak deformation is typically well captured using numerical simulations [133, 135], there 
are often difficulties replicating the transient deformation of plates. Snyman et al. [135] 
observed that the transient deformation could only be captured in their experiments using 
a clamped boundary condition when the bolts were included in the numerical model. A 
number of research laboratories including the Blast Impact and Survivability Research 
Unit (BISRU) at the University of Cape Town have included a clamped boundary 
condition into a more complex test fixture that enables the measurement of impulse and 
localised deformation [42, 59, 136]. These setups typically involve attaching a clamping 
frame to a pendulum. 
 
Figure 3.1 Experimental setup from Ackland et al. [133] with a clamped boundary   
   condition. 
 
3.1.1.2  Simply-Supported Boundary Condition  
 
The simply-supported boundary condition has been used in a number of blast protection 
investigations [137, 138]. In this case only a small section of the plate is supported on both 
sides of the panel. The simply-supported boundary condition results in lower edge 
stresses than the clamped boundary condition and higher central deformations for the 
same panel size and input loading [39]. Mellen et al. [137] used a simply-supported 
boundary condition to assess the effects of surrogate Vehicle Borne IEDs (VBIEDs) against 
concrete targets. Figure 3.2 shows the test rig they used to generate the simply-supported 
boundary condition on the concrete panel. One limitation of a simply-supported boundary 
condition is the need to model a more complex boundary condition to replicate the peak 
deformation of the target. 
 
Test fixture 





Figure 3.2 Test fixture from Mellen et al. [137] with a simply-supported boundary   
   condition. 
 
3.1.1.3  Slip Boundary Condition 
This slip boundary condition is used less frequently than other conditions as the plates are 
not attached to the test fixture. An example of a slip boundary condition is the explosion 
bulge die (EBD) technique that was developed by Pellini et al. [139] for assessing the 
performance of steels for naval applications subjected to blast loading. This methodology 
is currently employed in MIL-STD 2149A – Standard procedures for the explosion testing 
of ferrous and non-ferrous metallic materials and weldments [140]. The test setup 
employed in this standard is illustrated in Figure 3.3. The target plate is placed onto the 
EBD, which has a central orifice, such that the plate can deform into the orifice upon 
loading from the blast wave. The advantage of this setup is that the boundary conditions 
are reasonably well known, outside of the friction force between the test fixture and the 
panel. One issue is that as the plate is unrestrained, and therefore it will be thrown into the 
air during the test. If the strength of the material is insufficient, damage may occur due to 
collisions with the test fixture or ground upon landing. Another issue is the lack of a 
defined zero point to measure the permanent deformation following the test. Without the 
benefit of a clamping frame the edges of the panel deform and can also pull into the test 
fixture for large deformations. This causes warping of the panel edges which makes 
defining the undeformed state of the panel difficult following a test. An example of this 












Figure 3.3 Experimental setup for MIL-STD 2149A testing of metallic materials under  
   blast loading [140] with a slip boundary condition. 
 
 
Figure 3.4 Steel panel following EBD test highlighting the warped edges. Image is   
   from unpublished work by DST Group. 
 
3.1.1.4  No Boundary Condition 
This test method is typically only used for impulse measurements but can also be used to 
measure localised deformation in some cases. To employ this test method an explosive is 
placed below the target, which is positioned on support stands that provide minimal 
influence on the target loading except to generate the initial stand-off to the explosive 
charge. This method was employed by Weckert and Anderson [141] who assessed the 
Warped edges of steel panel 
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TNT equivalence of PE4 for buried charges. Figure 3.5 shows the test setup they employed 
where no boundary conditions were applied to the plate. This test technique is often 
referred to as a ‘flying plate’ test. For plates that are not too thick, the permanent 
deformation can be measured post-event, although the plate must be sufficiently strong to 
not be damaged upon landing following the test. Due to the lack of clamping at the edges, 
the deformation measured is not high for a given input loading with this experimental 
technique. The lack of clamping also results in warping at the edges making the 
measurement of a zero point for deformation difficult. In addition, no dynamic 
deformation measurements can be made using this technique.  
 
 
Figure 3.5 Experimental setup from Weckert and Anderson [141] with no boundary  
   conditions. 
 
3.1.2 Selection of the Explosion Bulge Die Method 
The selection of a test rig for the blast experiments performed as a part of this PhD project 
was based on three key requirements. The first requirement was that the test rig needed to 
be compatible with instrumentation to measure the dynamic deformation of the target. 
This was not only a key requirement for validation of the numerical simulations, but also 
important as injuries in armoured vehicles are based on the dynamic deformation of the 
vehicle hull under blast loading. This requirement eliminated the no boundary condition 
approach. The second requirement was that the test rig was already built, removing the 
need to spend valuable research time and funding on developing a new test fixture. This 
requirement removed the potential to use a simply-supported boundary condition because 
there was no access to a suitable test rig with this boundary condition. The third 
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requirement was to conduct the experiments simultaneously with other DST Group 
research programs in order to maximise the amount of experimental data produced within 
a limited testing window. This requirement was largely responsible for the use of the slip 
boundary condition. The EBD rig provided a faster turn-around between experiments than 
the clamped test fixture. In addition, multiple EBDs were available for use in the test 
program which enabled a greater amount of data to be generated over the course of the 
PhD project. 
 
3.1.3 Experimental Setup 
A number of EBDs were used throughout this project with the only difference between 
them being the height of EBD. The EBD was manufactured from steel with a yield strength 
of 1 GPa. A schematic of the EBDs used is shown in Figures 3.6 and 3.7. The lower plates 
had a length of 760 mm, a width of 760 mm and were 100 mm high. A circular orifice with 
a diameter of 482 mm was water jet cut into these plates. The top plate of the EBD had a 
curved radius that created a link between the outer edge of the orifice, which had a 
diameter of 635 mm and the inner edge of the orifice with the diameter of 482 mm. The 
tallest EBD used had a height of 500 mm to allow a laser displacement transducer to be 
placed within the EBD, while the smaller EBD had a height of 300 mm and was only used 
to assess the permanent deformation. 
 
The basic experimental setup without any mitigants is shown in Figure 3.7. The explosive 
used in all experiments was PE4. The charge size used in all of the experiments described 
in Chapters 3-6 was 5.06 kg and the stand-off distance was kept constant at 600 mm from 
the bottom surface of the charge to the top surface of the steel target plate. The setup for 
the experiments described in Section 7.3 used a different setup, which is detailed in that 
section. The charge size and stand-off were selected to provide a generic air-blast loading 
condition that has similarities to those experienced by armoured vehicles. The PE4 charges 
were packed into cylindrical cardboard moulds, which had an internal diameter of  
250 mm. The wall thickness of the cardboard cylinders was 5 mm. The base of the mould 
was manufactured from 3 mm cardboard sheet and glued to the cardboard cylinders. The 
charges were placed inside two plastic bags and the bags were hung from hooks on a 
wooden beam. The height of the beam was adjusted using G-clamps, which were attached 
to two metal charge stands. These stands were aligned to ensure the centre of the charge 
was placed over the centre of the steel plate. The height of the charge was set using a 
surrogate charge mass and confirmed by the firing officers prior to each test. The 
experiments were all conducted using a free-air blast without the addition of soil. The use 
of soil presents an additional level of complexity into understanding the response of the 
water-filled containers. Given the limited understanding of the physical mechanisms 
responsible for blast mitigation when using water-filled containers, a decision was made 





Figure 3.6 Schematic showing the dimensions of the explosion bulge die and explosive  
   charge  used in the tests where a laser displacement transducer was setup to  
   capture dynamic deformation. 
 
 
Figure 3.7 Photograph of the basic experimental setup without any fluid-filled   





























The containers used in the experiments were manufactured from injection moulded high 
density polyethylene (HDPE) with a wall thickness of 3 mm. A range of container sizes 
and shapes were used. Figure 3.8 provides a selection of the container shapes used, which 
are further described in the following chapters. All containers included a screw on lid that 
allowed filling and storage of water within the container. The specific designs used in the 
investigation will be presented in their relevant chapter within this thesis.  
 
 
Figure 3.8 Examples of water-filled container geometries used in the PhD project. 
 
The steel used in the experiments had a yield strength of 800 MPa. The steel was selected 
as the material had previously been characterised by DST Group for use in numerical 
simulations. This characterisation involved assessments at both high strain rates (up to 
2000 s-1) and high temperatures (up to 600oC). The steel manufacturer and type are not 
provided for proprietary reasons. The length and width of the steel targets was  
760 mm. The thickness of the steel was nominally 10 mm, but changed slightly between 
each of the test series due to availability and manufacturing tolerances.  
 
In order to measure the dynamic deformation of the plate centre during the experiments a 
laser displacement transducer (LDT) was used. A LDT was used instead of the digital 
imaging correlation (DIC) technique to capture the dynamic deformation, due to the 
limitations on placing cameras within the EBDs, in addition to the additional time 
required to calibrate the cameras and conduct the experiments. In the first series of 
experiments on container geometry (Chapter 4) a Micro-Epsilon ILD 2300-200 LDT was 
used. This LDT has a measuring range of 200 mm and starts recording at distances of  
130 mm away from the sensor. The sampling rate for the LDT in this series of experiments 
was 20 kHz. In the second and third series of experiments on container shape and mitigant 
type (Chapters 5 and 6), a newer Micro-Epsilon ILD 2300-200 LDT was used. This LDT 
also had a measuring range of 200 mm and also starts recording at distances of 130 mm 
away from the sensor. However the sampling rate for the LDT in this series of experiments 
was 30 kHz. For all tests, the LDT was placed within a protective aluminium case with a 
small cut-out to allow passage of the laser beam while attempting to minimise the risk of 
fragments striking the LDT. As the EBD does not restrain the plate, it rebounds off the 
EBD into the air, which can expose the LDT during the event. The protective aluminium 
case is shown in Figure 3.9. The LDT was surrounded by foam to reduce the effects of any 
shock loading. The LDT was connected to a universal controller unit, which was then 
connected to a controlling laptop. The triggering of the LDT was performed manually and 
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hence there was no established start time for the recording to synchronise the laser data 
with the detonation of the explosive. This was a requirement due to the tests being 
performed using red cord rather than a detonator to initiate the PE4 charges.  
 
 
Figure 3.9 Aluminium protective housing for the laser displacement transducer. 
 
 
3.2  Numerical Modelling Methodology 
There are a number of commercially available explicit finite element/volume numerical 
simulation packages available to assess the response of structures to blast loading. 
ANSYS® AUTODYN® was used for the simulations conducted in this PhD project. A 
multi-material Eulerian domain was used for modelling the expansion of detonation 
products and interaction with the target plate. As Eulerian solvers are limited by their 
ability to accurately track the interface of solid objects, the target plate and EBD were 
modelled as Lagriangian parts within the Eulerian domain. SPH was not considered as it 
is more computationally expensive and cannot be coupled with an Eulerian solver in 
AUTODYN®. This meant that a coupled Euler-Lagrange solver approach was required to 
accurately simulate the blast tests conducted as part of the experimental investigation. The 
coupling between the Euler and Lagrange solvers is shown in Figure 3.10. The boundaries 
of the Lagrangian mesh provide flow constraints within the Eulerian mesh. Cells within 
the Eulerian mesh that are inhibited by Lagrangian elements are ‘blended’ to define the 
pressure, velocity and density within the cell. The pressure within the ‘blended’ Eulerian 
element is then exerted on the surface of the Lagrangian element. This is transmitted as 












Figure 3.10 Schematic showing the coupling of Euler and Lagrange solvers [142]. 
 
3.2.1 Numerical Model Setup (Deformation Experiments) 
This section describes the numerical models used in the investigation. The material models 
for the basic experimental setup including water as the mitigant material will be described 
here, and information on modelling the other mitigants (e.g. sand, aerated water) will be 
described in Chapter 6.  
 
3.2.1.1 Material Models 
A Jones-Wilkins-Lee (JWL) equation-of-state (EoS) was used to describe the PE4 explosive. 
The JWL EoS is used to describe the pressure-volume-energy relationship of the 
detonation products. The pressure (P) is a function of the Chapman Jouget (C-J) 
detonation energy, the C-J detonation pressure, and the ratio of the volume of the 
detonation products with the volume of the undetonated high explosive. A description of 
the detonation velocity is also used to describe the propagation of the shock wave through 
the explosive material. The JWL EoS is expressed as:  
 
𝑃 = 𝐴 (1 −
𝜔
𝑅1𝑉






     (3.1) 
 
where E is the detonation energy per unit volume in (GPa-m3/m3), V is the ratio of the 
detonation product volume with the original volume of the explosive, and A, B, C, R1, R2 
and ω are empirical fitting parameters. 
 
The JWL EoS is widely used for a large variety of explosive materials, whose parameters 
are described in the Lawrence Livermore National Laboratory (LLNL) Explosives 
Handbook [143]. The parameters are typically fit using a cylinder test, which is described 
in [144]. The EoS is valid for expansions of the detonation products down to pressures of  
1 MPa. Most hydrocodes convert the expansion of the detonation products to an ideal gas 
Euler  Lagrange  
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EoS when the pressures drop below 1 MPa and this approach was used for this 
investigation. 
 
The PE4 was described using the C4 material parameters from the LLNL Explosives 
Handbook [143]. Bogosian et al. [145] reported no difference in the incident pressure and 
incident impulse between C4 and PE4 in the far-field. Whilst the target loading in the 
experiments is within the near-field, in lieu of a well characterised EoS for PE4, the C4 
material model was used in this study. The parameters used in the simulations for the PE4, 
HDPE container and water are provided in Table 3.1. The air was described using the ideal 
gas EoS, with parameters from the AUTODYN® material library. 
 
Table 3.1 Material model parameters used for PE4, water and HDPE.  
Material Model 
 






















































915 1.48 2901 1.64 2.25 NA 
 























The HDPE used for the containers was described using a Mie-Grüneisen EoS with 
parameters sourced from Marsh [148] for injection moulded HDPE. A bi-linear strength 
model and a plastic strain failure threshold of 5 were used based on material data sourced 
from MatWeb [149]. The parameters used for the bi-linear strength model and the failure 
model were open to some interpretation as [149] provides a range of values for the 
strength of HDPE. As such, the values were selected without tuning the strength model to 
provide deformations closer to the experimental values.  
 
For the steel target, a linear EoS and the Johnson-Cook strength model were used, with 
parameters derived from quasi-static and high-strain rate characterisation experiments 





Table 3.2 Johnson-Cook strength model parameters for steel. [158] 
A (MPa) B (MPa) n (-) C (-) m (-) 
784 826 0.336 0.0284 0.497 
 
The water was described using a Mie-Grüneisen EoS with parameters from Matsuka [154]. 
A range of different sources provide varying values for the cavitation threshold of water. 
Hazell et al. [159] used a threshold of 8 MPa, based on the work by Boteller and 
Sutherland [155], to evaluate shock loadings in water. Schiffer and Tagarielli [136] 
successfully used a cavitation threshold of 0 MPa to assess the formation and collapse of 
cavitation bubbles within a water-filled shock tube. Simulations using both thresholds 
were initially performed. Figure 3.11 compares the deformation-time history of the  
centre-point of the target plate and shows minimal difference between the two cases. This 
will be further discussed in Chapter 4. With minimal difference between the two cases for 
the scenario, the cavitation threshold was set to 8 MPa. 
 
 
Figure 3.11 Comparison of the calculated deformation-time history of the steel target  
   plate simulations using 0 MPa and 8 MPa cavitation threshold values for  
   the water within the container. The container used in these simulations has  




3.2.2.2 Mesh Refinement 
A mesh refinement study was performed using 2D and 3D mesh simulations to identify a 
suitable approach to resolve the blast wave propagation using the incident pressure-time 
histories at stand-off distances of 400 mm and 600 mm from the bottom of the charge. 
These distances were selected as they represented the stand-off of the baseline experiment 
and the stand-off to one of the water-filled containers used in the experiments. Based on 
computational limitations, the maximum number of elements used in the Euler domain 
was found to be two million. For the 3D models using quarter symmetry, a  
5 mm x 5 mm x 5 mm element size was considered the minimum possible mesh size as this 
resulted in two million elements for a minimum domain size of 1000 mm x 500 mm x  
500 mm. Figures 3.12 and 3.13 compare the 3D mesh using 5 mm elements with a range of 
2D meshes at stand-off distances of 600 mm and 400 mm, respectively. Both the 2D and 3D 
simulations with a 5 mm element size under-predicted the peak pressure at a stand-off 
distance of 600 mm. At a 400 mm stand-off distance, the peak pressure predicted by the 5 
mm mesh is similar to the smaller mesh sizes, but the second pressure peak is not 
captured. A 2D-3D remapping approach was also considered whereby a 1 mm 2D mesh 
was remapped to a 5 mm 3D mesh after 0.08 ms. The 2D-3D remapping technique 
captured the second pressure peak at 400 mm but still under-predicted the peak pressures 
at both stand-off distances. This highlighted that whilst the 3D mesh might be adequate 
for determining the structural response, the 3D mesh may be unable to accurately resolve 
the blast wave propagation that is important for understanding the mitigation 
mechanisms when using the water-filled containers. As such, all models were performed 
in 2D using axial-symmetry. 
 
 
Figure 3.12 Incident pressure-time histories for varying mesh sizes in 2D and 3D at a  




Figure 3.13 Incident pressure-time histories for varying mesh sizes in 2D and 3D at a  
   stand-off of 400 mm. 
 
As the experimental test conditions were not axially symmetric, this represented a 
variation in the numerical model. To evaluate whether this approach was valid, a 
preliminary numerical modelling study comparing the deformation of the steel targets for 
a square (experimental condition) and cylindrical (2D model condition) EBD in 3D was 
performed. This preliminary study assessed the three ranges of deformation measured in 
the experiments (~110 mm, ~70 mm and ~50 mm), and a maximum difference of 6% was 
calculated between the two models. Based on this preliminary study, the axially-
symmetric 2D condition provided an adequate representation of the experimental setup. 
 
The 2D axial-symmetric simulations used a 2000 x 1000 mm multi-material Euler domain, 
discretised into 2 million 1 x 1 mm elements. The size of the domain was larger than 
potentially necessary in order to minimise any impact from the flow-out boundary 
conditions. Schwer and Du Bois [65] indicated that the algorithms used for flow-out 
boundaries in hydrocodes can have limitations in some scenarios and create reflections at 
the boundary. Whilst this effect may be uncommon, the domain was extended to alleviate 
this from presenting an issue.  
 
The steel target was modelled as a circular target of 380 mm radius (to match the EBD 
lateral dimension), discretised into 2 x 2 mm Lagrangian elements for the 10 mm thick 
steel target. The EBD was modelled as a hollow cylinder with an outer radius of 380 mm 
and a height of 290 mm, which was discretised into 200 Lagrangian elements. The curved 
lip of the EBD was modelled using a quarter circle of 76.5 mm radius to create the internal 
radius of 241 mm, discretised into 75 Lagrangian elements. The EBD below the curved lip 
was not modelled as its geometry does not affect the target deformation. Both parts of the 
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EBD were fixed, while the target was free to move, representing the slip boundary 
condition of the experiment. The 2D axisymmetric model setup is shown in Figure 3.14, 
with a representative water container from the experiments. 
 
 
Figure 3.14 Numerical simulation model for the deformable target simulations, here with the 
245 mm radius and 300 mm high water-filled container. The orange region at the 
edge of Euler domain highlights the flow-out boundary conditions used in the 
simulation. 
 
3.2.2.3  Boundary / Interaction conditions 
A static friction value of 0.8 was used between the target plate and the EBD rig for the 
steel-steel contact in the simulations. However, a constant value is not strictly valid once 
the plate is moving. Additional simulations were performed to assess the effect of the 
friction coefficient on the results and found that when friction was neglected, the 
deformation was within 5% of the simulations with the static friction coefficient set to 0.8. 




Whilst the domain size was setup to minimise the effect of the flow-out boundary, it was 
still necessary to use flow-out boundaries on all edges besides the symmetry axis. One 
potential area of concern was the use of the flow-out boundary condition at the base of the 
EBD. The EBDs used in the experiments were up to 500 mm high, while the model was 
only 290 mm. As such, an additional simulation was run with a reflective boundary 
condition below the EBD to investigate the influence of the boundary condition at this 
location. Whilst there are shock wave reflections from the ground in the timescale of the 
loading, the reflected shock waves do not cause any changes to the overall deformation of 
the steel targets, nor the blast flow field at the surface of the target plate. This validated the 
use of the flow-out boundaries on all edges beside the symmetry axis.    
 
3.2.3 Numerical Model Setup (Momentum Transfer) 
A major focus of this PhD project is to understand the physical mechanisms responsible 
for the blast mitigation generated by fluid containers. While the simulations capturing 
target deformation are essential to validate the model, additional simulations were 
required to provide more insight into the physical mechanisms causing the mitigation. 
These additional simulations focused on analysing the spatial and temporal distribution of 
loading on the targets. This was performed using a series of investigations where the EBD 
and steel target were replaced with alternative measurement techniques in the 
simulations. The two main techniques used were a thick plate with pressure gauges 
distributed along the length and a series of concentric rings.    
 
3.2.3.1  Thick Plate Simulations 
These simulations used an 80 mm thick steel target to ensure minimal deformation and 
allow the pressure-time history of the surface loading to be computed for a range of test 
cases. The simulations also enabled the total momentum transferred to the target to be 
compared effectively. This assessment could not be performed with the EBD due to the 
interaction between the target and the EBD during the loading timeframe. The material 
models used for the steel, HDPE, air and water were identical to those described earlier in 
this chapter. The Euler domain had a size of 1500 x 1000 mm and was discretised into  
1.5 million 1 x 1 mm elements. Figure 3.15 shows the numerical setup for the 80 mm thick 
target simulation. The plate was modelled with a radius of 380 mm and a thickness of 
80 mm, discretised into 2 x 2 mm Lagrangian elements (i.e. 40 elements through-the-
thickness). Gauges were placed along the target surface (in the Euler domain) to record the 
pressure-time history of the loading, located along the plate centre-line and at  
100, 200 and 300 mm radially offset from the centre-line. Flow-out boundary conditions 





Figure 3.15 Numerical setup for the 80 mm thick target with a 300 mm radius and  
   200 mm high water-filled container. Orange diamonds represent the gauges  
   used to record the pressure-time history of the loading on the surface of the  
   target. 
 
3.2.3.2 Flying Ring Simulations 
The setup used here was identical to the setup described for the target deformation 
simulations, except in this case the EBD and target plate were replaced with a series of 14 
concentric rings surrounding a central disc. This methodology has been employed 
experimentally by Joynt [152] and numerically by Elgy et al. [153] and Heider and 
Klomfass [154] to describe the spatial distribution of loading from buried explosives. The 
radius of the central disc was 25 mm and each concentric ring had an outer radius that was 
25 mm larger than its inner radius. Both the central disc and the concentric rings had a 
thickness of 80 mm and were modelled using the same material model as the target plate. 
The thickness of 80 mm was selected arbitrarily to ensure they acted as a pseudo-rigid 






Figure 3.16 Schematic of the numerical model setup for the flying ring arrangement.  
   The numbers within the flying rings refer to the numbers used in the   
   following chapters, with the ‘c’ representing the central disc. Note: The   
   figure is not to scale.  
 
3.3  Summary 
This chapter described the experimental and numerical methodology used to investigate 
the blast protection provided to a flat steel plate subject to near-field air blast by external 
mitigant-filled containers throughout this PhD project. The explosion bulge die (EBD) was 
chosen for the experiments due to its availability, speed of turn around and simple 
boundary conditions. The majority of the experiments were conducted with a constant 
charge size of 5.06 kg of PE4 and a stand-off distance of 600 mm to provide a generic but 
realistic condition for an armoured vehicle. Numerical simulations were performed using 
a 2D axisymmetric coupled Euler-Lagrange approach. The 2D modelling approach was 
required to accurately capture the propagation of the shock waves due to limitations on 
the mesh size in 3D simulations.  
  
66 
Chapter 4 – Effect of Container Geometry 
Abstract 
This chapter presents a combined experimental and numerical study into the effect of the 
geometry of quadrangular-shaped water-filled containers on reducing the deformation of 
a steel target plate subjected to near-field blast loading. In addition, the performance of the 
water-filled containers is compared to steel applique panels of equivalent areal density. 
The container geometry was evaluated by varying both the height and width of the 
containers while maintaining a constant volume of fluid, as well as by varying the height 
and width independently. The best performing container geometry provided a 65% 
reduction in the peak dynamic deformation of the steel target plate; more than twice the 
reduction provided by a steel applique panel of equivalent areal density. The blast 
mitigation effectiveness of the water-filled containers was dependent on their geometry; 
for the same container volume, variations in container geometry were found to affect the 
peak dynamic deformation of the steel target by up to 100%. The numerical simulations 
were validated against the experimental results, with a maximum difference of 12% for the 
peak dynamic deformation recorded across all the experiments. The numerical simulations 
were then used to identify and quantify the role of the various mitigation mechanisms 
responsible for the protection provided by the water-filled containers. The key mitigation 
mechanisms were identified as mass, shadowing and spreading. Each of these 
mechanisms was enhanced by increasing the height of the container. However, there was a 
noted trade-off between enhancing these mechanisms and increasing the loading on the 
container due to the top surface being in closer proximity to the explosive charge. 
 
The majority of work within this chapter has been published in: 
 
1. H. Bornstein, S. Ryan and A. Mouritz, Physical mechanisms for near-field blast mitigation 
with fluid containers: Effect of container geometry, International Journal of Impact 
Engineering, Vol. 96, pp. 61-77, 2016.  
 
2. H. Bornstein, S. Ryan and A. Mouritz, Quantification of mechanisms for blast mitigation with 
water-filled containers, 30th International Symposium on Ballistics, Long Beach,  








4.1  Aims and Objectives 
This chapter documents an investigation into the influence of the geometry of  
quadrangular-shaped water-filled containers on near-field blast mitigation. The key aims 
of the study are to: 
 
1. Identify the best-performing quadrangular geometries to maximise the blast protection 
provided by a water-filled container.   
 
2. Develop a validated numerical model to predict target deformation for near-field blast 
loading events with water-filled containers. 
 
3. Identify and quantify the importance of different loading and mitigation mechanisms 
responsible for blast protection using water-filled containers. 
 
 
4.2  Experimental Setup 
A detailed description of the baseline experimental setup was provided in Section 3.1.3. In 
this particular investigation, three series of experiments were conducted to systematically 
evaluate the effect of the quadrangular water-filled container geometry. The length, width 
and height of the container were modified to generate different test conditions. 
 
4.2.1 Series 1 – Effect of Container Geometry for a Constant Volume of Water 
The first experimental series assessed the effect of three container geometries with the 
same total volume of water, but with a range of widths and heights. The intent of this 
series was to establish the importance of the aspect ratio of the container for a given mass 
of water. To determine the relative blast mitigation provided by the water-filled 
containers, tests were repeated using steel applique panels with identical lateral 
dimensions and areal densities as the water-filled containers. These applique panels had 
the same material properties as the steel target. A schematic of the experimental conditions 
used for the water containers and steel appliques is shown in Figure 4.1, and details of the 
specific container and applique geometries evaluated are listed in Table 4.1. Some tests 
were conducted on a smaller EBD that did not allow the use of a LDT to record the 
dynamic deformation of the steel target. These tests are identified in Table 4.1 by the LDT 










Table 4.1 Full set of experiments for Series 1. All experiments were performed using a  
   10 mm  thick steel target. Note: mitigant length = mitigant width for all   










S1-1 None NA NA No 
S1-2 None NA NA No 
S1-3 None NA NA Yes 
S1-4 Water 245 300 Yes 
S1-5 Water 245 300 Yes 
S1-6 Water 300 200 Yes 
S1-7 Water 300 200 No 
S1-8 Water 425 100 Yes 
S1-9 Water 425 100 Yes 
S1-10 Steel 245 40 Yes 
S1-11 Steel 245 40 No 
S1-12 Steel 300 25 Yes 
S1-13 Steel 300 25 Yes 
S1-14 Steel 425 12 Yes 
 
 
Figure 4.1 (Left) Schematic of experimental setup with a water container.  




4.2.2 Series 2 – Effect of Container Height and Surface Area 
The second experimental series investigated the effect of independently changing the 
container height and surface area using the experimental setup presented in Figure 4.2. 
The intent of this series was to establish the importance of each container dimension on the 
level of blast mitigation provided. The container material, thickness, and manufacturing 
technique were the same as those used in the series one experiments. A complete list of the 
additional experiments conducted in this series is provided in Table 4.2. 
 
 
Figure 4.2 (Left) Experimental setup for 300 x 300 x 50 mm water-filled container. 
   (Middle) Experimental setup for 300 x 300 x 100 mm water-filled container. 
   (Right) Experimental setup for 300 x 300 x 200 mm water-filled container. 
 
Table 4.2 Experiments for Series 2. All experiments were performed using a 10 mm 
   thick steel target. Note: mitigant length = mitigant width for all    










S2-1 Water 300 50 Yes 
S2-2 Water 300 50 No 
S2-3 Water 300 100 Yes 
S2-4 Water 300 100 Yes 
S2-5 Water 425 200 Yes 
S2-6 Water 425 200 No 
 
 
4.2.3 Series 3 – Complete Plate Coverage 
The Series 1 and 2 experiments compared the effects of different container geometries that 
were all smaller in surface area than the steel target. The third series of experiments 
assessed the effect of water covering the entire target surface. In these tests a 300 mm high, 






using Sika Flex™ as shown in Figure 4.3. Two depths of water were selected, 80 mm and 
175 mm, to allow a direct comparison to steel applique panels of equivalent areal density. 
The applique panel tests were performed with a 10 mm thick steel applique panel, which 
was equivalent in areal density to the 80 mm depth of water. A 20 mm thick target was 
also compared to the 10 mm thick applique panel placed on the 10 mm thick target to 
determine the impact of using a single or dual layer steel armour of identical thickness. 
Based on the results of this comparison (which are described in Section 4.3.3), a 16 mm 
thick steel applique panel was placed on a 16 mm thick steel target, which was equivalent 
in areal density to the 10 mm thick steel target covered by a depth of water of 175 mm. A 
complete list of the Series 3 experiments is provided in Table 4.3. 
 
 
Figure 4.3 (Left) Schematic of water-filled wooden ‘box’ on top of the steel target plate  
(Right) Photograph of water-filled wooden ‘box’ with a water height of  
80 mm. 
 
Table 4.3 Experiments for series 3. Unless indicated a 10 mm thick steel target was used. 










S3-1 Water 760 80 Yes 
S3-2 Water 760 80 No 
S3-3 Water 760 175 No 
S3-4 Steel 760 10 Yes 
S3-5 Steel 760 10 No 
S3-6 Steel 760 0* Yes 
S3-7 Steel 760 0* No 
S3-8 Steel 760 16+ No 
 *20 mm thick target plate replacing the 10 mm thick target plate 
 +16 mm thick target plate replacing the 10 mm thick target plate 
 










4.3  Experimental Results and Discussion 
A complete listing of the experimental results from the three series of tests is given in 
Table 4.4. The relative error was calculated as the percentage difference between the 
maximum and minimum deformation values of the steel target measured from two tests 
of nominally identical set-ups. The maximum relative error was 10% for the peak dynamic 
deformation and 11% for the peak permanent deformation. Figure 4.4 presents the  
centre-point deformation-time histories for both tests on the three experimental conditions 
that were repeated with a LDT. The results highlight the repeatability of the test method, 
although the LDT was found to produce minor oscillations in the deformation-time 
history. Given the oscillations were not present in testing conducted in subsequent 
chapters, this was thought to be due to some small movements of the LDT during blast 
events conducted in this test series rather than high-frequency oscillations within the 
target plate. As the deformation of the steel target increased, the boundary conditions of 
the EBD resulted in warping at the edges of the plates. The warping complicated 
definition of a reference plan, resulting in the peak permanent deformation measurements 
being larger than the peak dynamic deformation for some test cases. An example of the 
plate warping is shown in Figure 4.5 from an experiment without mitigation (maximum 
deformation). Whilst differences in the peak deformation were observed due to the 
varying container geometries, no change in the general shape of the deformation profiles 
was observed. 
 
For the tests with water-filled containers, there was a noticeable imprint of the bottom 
surface of the container on the target plate following the event (Figure 4.6). The bottom 
surface of the container was usually found intact following the blast test, although the rest 
of the container was normally destroyed. In some cases the container was found with the 
side walls still partially intact which provided some understanding of the container 
breakup process. Figure 4.7 indicates that failure occurred at the edges of the container 
with significant tearing also occurring along the top surface. In general, the upper surfaces 
















Table 4.4 Combined results from experimental series 1-3. Note: The peak dynamic 























in baseline  
S1-1 None NA NA nm - 114 - 
S1-2 None NA NA nm - 117 - 
S1-3 None NA NA 113 
 
116 - 
S1-4 Water 245 300 42 63 27 77 
S1-5 Water 245 300 38 66 24 79 
S1-6 Water 300 200 55 51 48 59 
S1-7 Water 300 200 nm nm 48 59 
S1-8 Water 425 100 91 20 87 25 
S1-9 Water 425 100 84 26 79 32 
S1-10 Steel 245 40 85 25 81 30 
S1-11 Steel 245 40 nm nm 81 30 
S1-12 Steel 300 25 79 30 75 35 
S1-13 Steel 300 25 79 30 75 35 
S1-14 Steel 425 12 77 32 76 34 
S2-1 Water 300 50 97 14 98 15 
S2-2 Water 300 50 nm nm 93 20 
S2-3 Water 300 100 79 30 77 33 
S2-4 Water 300 100 76 33 73 37 
S2-5 Water 425 200 70 38 71 39 
S2-6 Water 425 200 nm nm 65 44 
S3-1 Water 760 80 103 9 102 12 
S3-2 Water 760 80 nm nm 93 20 
S3-3 Water 760 175 nm nm 84 27 
S3-4 Steel 760 10 63 44 58 50 
S3-5 Steel 760 10 nm nm 65 44 
S3-6 Steel 760 0* 64 43 65 44 
S3-7 Steel 760 0* nm nm 60 48 
S3-8 Steel 760 16+ nm nm 30 74 
 *20 mm thick steel target plate 





Figure 4.4 Centre-point deformation-time histories for experimental conditions where  
   two tests were conducted with a LDT. 
 
 
Figure 4.5 Target plate (no mitigation) following the blast event highlighting the   






Figure 4.6 Target plate showing an imprint of the bottom surface of the container   
   following the blast event. 
 
 
Figure 4.7 (Left) Damaged container post-blast indicating the locations of container  
   breakup.  
   (Right) Recovered fragment of container post-blast.   
 
4.3.1 Series 1 – Effect of Container Geometry for a Constant Volume of Water  
The presence of the water-filled containers reduced the peak dynamic deformation of the 
target plate by 65%, 51%, and 23% for the 245 x 245 x 300 mm container, 300 x 300 x  
200 mm container, and 425 x 425 x 100 mm container, respectively. Comparable results 
were obtained for the peak permanent deformation. The steel applique panels were found 
to decrease the peak dynamic deformation of the target plate by 28%, 32%, and 34% for the 
245 x 245 x 40 mm, 300 x 300 x 25 mm, and 425 x 425 x 12 mm panels, respectively. Again, 
comparable results were achieved for the permanent peak deformation. The results of the 
Series 1 experiments are plotted in Figure 8, in terms of the percentage reduction in 
dynamic deformation when compared to the baseline steel target. This figure shows that 
the water-filled containers were effective in reducing the target deformation in all Series 1 
configurations. Relative to nominally equal weight steel applique panels with identical 
lateral dimensions, the water-filled containers were more effective in two of the three 
configurations. As the surface area of the container decreased (i.e. taller and narrower), it 
became more effective at reducing deformation. The best performing water-filled 
container geometry (245 x 245 x 300 mm) evaluated in this series was found to provide 
more than twice the reduction in target deformation when compared to the worst 
performing water-filled container (425 x 425 x 100 mm). 






Figure 4.8  Comparison of the percentage reduction in peak dynamic deformation provided 
by water-filled containers and steel applique panels of varying geometry when 
compared to the 10 mm thick base-line steel target. Results are grouped in equal 
area coverage, e.g. the 300 x 300 x 200 mm water-filled container is comparable 
with the 300 x 300 x 25 mm steel applique panel. 
 
Figure 4.9 presents the LDT results for the baseline and water-filled container Series 1 
experiments. As the timing from the LDT was not synchronised with the detonation of the 
explosive charge, the time-scales of all deformation-time histories are adjusted, such that 
the initial deformation at the centre-point of the plate occurs at ~0.1 ms. This time was 
selected as it corresponded to the initial deformation in preliminary simulations of the 
baseline test configuration. The velocity of the target centre-point was found to reduce as 
the containers became taller and narrower, as evidenced by a lower initial gradient in the 
deformation-time history. For the three water-filled containers, the peak deformation 
occurred between 1.25-1.4 ms. Whilst a greater peak deformation was found for the 
baseline case, the peak deformation occurred at an earlier time of ~1 ms. A second loading 
phase was observed on the two taller targets from 1.2-1.3 ms. The second loading phase is 
discussed further in Section 4.5.3.  
 
Figure 4.10 presents the LDT results for the steel applique Series 1 experiments, and 
compares the results to the baseline condition and the 300 x 300 x 200 mm water-filled 
container. The results highlight that whilst the peak deformation of the three steel 
appliques panels was very similar; their deformation-time histories were different. The  
40 mm and 25 mm thick steel applique panel tests had a lower initial velocity at the centre 
  
76 
of the target when compared to the 12 mm thick steel applique test. However, at ~0.45 ms 
the velocity of the centre of the target increases significantly when compared to the 12 mm 
thick steel applique test. 
 
 
Figure 4.9 LDT results for Series 1 water container geometries highlighting the second 




Figure 4.10 LDT results for Series 1 comparing the steel applique panels to the baseline and 
300 x 300 x 200 mm water-filled container. 
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4.3.2 Series 2 – Effect of Container Height and Surface Area 
The Series 2 experiments provided supplementary data to systematically assess: 1) the 
effect of container height (and therefore water mass) for a constant container surface area 
and 2) the effect of container surface area (and water mass) for a constant container height.  
Figure 4.11 shows the measured effect of varying container height (and water mass) for 
constant container lateral dimensions on the peak dynamic deformation of the steel target 
plate. The results reveal a substantial decrease in deformation by increasing the container 
height and consequently the water mass. This finding was consistent with most blast 
protection technologies where adding mass increases the protection provided, as reported 
in Chapter 2.  
 
The centre-point deformation-time histories of the different height containers are 
compared in Figure 4.12. Whilst a second loading phase is present for the 200 mm high 
container, there is no distinct additional loading phase for the 50 mm high and 100 mm 
high containers. For the 200 mm high container, there is a plateau in the deformation-time 
history at ~0.8 ms. This plateau occurs until ~1.1 ms when the second loading phase 
occurs. The time to peak deformation was 1.1, 1.25 and 1.35 ms for the 50, 100 and 200 mm 
high containers, respectively. This highlights that the time to peak deformation increased 
with the height of the container. 
 
The effect of varying the surface area (and water mass) for a constant container height on 
the peak dynamic deformation of the target is shown in Figure 4.13. The results indicate 
that increasing the surface area of the water container reduces the protection provided to 
the steel target. Thus, unlike the findings shown in Figure 4.11, adding water mass by 
increasing the lateral dimensions of the fluid container reduces the blast mitigation. The 
centre-point deformation-time histories of the different width containers are compared in 
Figure 4.14. There is no observable trend (outside of the peak deformation) that is 
impacted by increasing the width of the container while maintaining the height. As the 
effect of container width was compared for two heights (100 mm and 200 mm), one trend 
was observed in the deformation-time history that was based on the height of the 
container. The results also indicate that the second loading phase only appears for the two 





Figure 4.11 Effect of container height (for a constant surface area) on blast mitigation in 
 terms of the percentage reduction in peak dynamic deformation to a 10 mm 
 thick steel target.   
 
 
Figure 4.12 LDT results for Series 2 experiments comparing the different height water-




Figure 4.13 Effect of container surface area (for constant height) on blast mitigation in  
   terms of the reduction in peak dynamic deformation to a 10 mm thick steel  




Figure 4.14 LDT results for Series 2 experiments comparing the water-filled containers  
   with the same height but varying width. 
 
2nd Loading Phase 
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4.3.3 Series 3 – Complete Plate Coverage 
The results for the Series 3 experiments are shown in Figure 4.15. As only two of the test 
conditions were recorded using the LDT, all results are presented as the average 
permanent deformation of the target panels. Full coverage of the steel target provided 
reductions of 16% and 27% in the peak permanent deformation for 80 mm and 175 mm 
deep water, respectively. This was significantly less than the reduction provided by the 
largest width water container, even with a larger added mass. Thus, the trend observed in 
the Series 2 experimental results was continued here, revealing that an increased surface 
area is not an effective means of using water-filled containers for  
near-field blast mitigation.  
 
The equivalent areal density steel applique panels out-performed both the 80 mm and  
175 mm deep water box configurations. The 16 mm thick steel applique panel placed on a 
16 mm thick steel target (additional 100 kg of mass over the baseline steel target) provided 
approximately the same level of blast mitigation as the smallest width water container 
(additional 20 kg of mass over the base-line steel target); further highlighting the potential 
of water-filled containers to be used for ‘light-weight’ blast protection. The 10 mm thick 
steel applique panel placed on a 10 mm thick steel target provided a similar level of 
mitigation as the monolithic 20 mm thick steel target. This indicated that for the 
experimental setup considered, when the deformations are large, the performance of 
multiple steel panels in contact can be assumed to provide a similar performance to a 
single panel of the same thickness. The centre-point deformation-time histories of the 80 
mm deep water box and the 20 mm thick steel target are shown in Figure 4.16.  
 
 
Figure 4.15 Average percentage reduction to the peak permanent deformation of a  




Figure 4.16 LDT results for Series 3 experiments comparing the 80 mm deep water box 




4.4  Numerical Simulation Results and Discussion 
The numerical simulation method used to analyse the experimental tests was described in 
Chapter 3. The models for the various shaped water-filled containers used the same 
materials described in Chapter 3, and the Euler domain was filled to account for the 
container shape in each simulation. For the steel applique simulations, the steel applique 
was described using the same steel model and element size (2 mm x 2 mm) as the target.  
 
4.4.1 Comparison Between Experiments and Simulations 
The results from the deformable target simulations are compared to the experimental 
measurements in Table 4.5. The two comparative measures are the peak dynamic 
deformation of the target and the percentage reduction in deformation for the 10 mm thick  
baseline target configuration. The peak dynamic deformations for all the numerical 
simulations were within 12% of the experimental values, and accurately captured the 
trends found in the experimental data. Figures 4.17-4.19 provide comparisons between the 
centre-point deformation-time history from the LDT and the model for a range of test 
conditions. They show that the simulations were able to provide a good description of 
both the peak dynamic deformation and the deformation-time history of the target plate. 
For example, in Figure 4.17 the numerical simulations were able to capture the 2nd phase of 
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loading that was identified in the experiments. While the timescale of the second loading 
phase does not exactly match the experiment, this result indicates that the model is 
capturing the key physics associated with the blast mitigation using water-filled 
containers. Another example is shown in Figure 4.19, where the model accurately predicts 
the differences in the initial plate velocity between the 425 x 425 x 12 mm and 245 x 245 x  
40 mm steel applique test cases. The thicker steel applique has a lower initial plate velocity 
until a time of 0.4 ms, where there is a significant increase in the plate velocity. 
 
Table 4.5 Comparison of 2D deformable numerical simulation results with   










Reduction from Baseline 
Condition (%) 
Experiment Simulation Experiment Simulation 
Series 1: Effect of Container Geometry for a Constant Volume of Fluid 
None (baseline) - - 113 114 - - 
Water container 245 300 40 43 65 62 
Water container 300 200 55 60 51 47 
Water container 425 100 87.5 87 23 24 
Steel applique 245 40 85 93 25 18 
Steel applique 300 25 79 88 30 23 
Steel applique 425 12 77 84 32 26 
Series 2: Effect of Container Height and Surface Area 
Water container 300 50 97 97 14 15 
Water container 300 100 77.5 80 31 30 
Water container 425 200 70 75 38 34 
Series 3: Complete Plate Coverage 
Water box 760 80 103 102 9 11 
Water box 760 175 nm
1
 99 - 13 
Steel applique 760 10 63 66 44 42 
None 760 0
* 
64 66 43 42 




 47 - 59 
*20 mm thick steel target plate   184 mm peak permanent deformation 





Figure 4.17 Comparison of experiments and numerical simulations for the  
   300 x 300 x 200 mm water-filled container, highlighting the second loading  
   phase on the steel plate. 
 
 
Figure 4.18 Comparison of experiments and numerical simulations for the  






Figure 4.19 Comparison of experiments and numerical simulations for the  
   425 x 425 x 12mm and 245 x 245 x 40 mm steel applique panels. 
 
 
4.5  Assessment of Physical Mechanisms for Blast Loading and Blast  
  Mitigation 
Using the numerical simulations, this section analyses the mitigation mechanisms 
responsible for the blast mitigation provided by the water-filled containers.  
  
4.5.1  Evaporation and Afterburning 
As mentioned in Chapter 2, the latent heat of water for evaporation is ~2.25 MJ/kg [113], 
which is just under half the detonation energy of C4 (5.44 MJ/kg [118]). PE4 and C4 have a 
similar explosive output [145]. The high latent heat of water indicates that the water could 
potentially absorb a significant amount of energy from the system through evaporation. In 
addition to the detonation energy, Ripley et al. [118] determined the afterburning energy 
of C4 to be 1.4 MJ/kg. As such, two phenomena were considered: 1) evaporation of water 
droplets dissipating the blast energy and 2) the water acting to suppress the afterburning 
reaction which reduces the blast wave impulse.  
 
In this investigation, for evaporation to occur the container must first be ruptured and the 
water must break up into smaller droplets. In order to provide a conservative estimate 
about the role of evaporation in the experiments, the container was initially assumed to be 
in contact with the explosive. Whilst water break-up and evaporation occur faster in this 
scenario, it allows the assessment performed by Grujicic et al. [113] for water evaporation 
Change in plate velocity 
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to be considered. An analysis of the break-up time of bulk water to a 50 μm droplet size 
was conducted by Grujicic et al. [113]. Using the model developed by Schmehl et al. [114] 
for the break-up of the water droplets they calculated a break-up time of 0.5-2 ms. Once 
water break-up occurs, Grujicic et al. [113] calculated an evaporation time of ~4 ms for a  
50 μm droplet size. As the target deformation reaches a maximum within 1.4 ms  
(Figure 4.9), there is insufficient time for evaporation to be a significant factor for blast 
mitigation.  
 
In addition to the calculations by Grujicic et al. [113], further validation of the minimal 
influence of evaporation can be inferred from the numerical simulations. The material 
model for the water used a single phase EoS, which did not allow for evaporation of the 
water. With this limitation, the model was still able to capture the deformation of the 
target to within 12% for all experimental test conditions, suggesting evaporation was not 
playing a major role in mitigation. To confirm this, an additional simulation was 
performed using a two-phase EoS for the water and minimal difference was observed 
between the two simulation cases. 
 
Whilst the role of afterburning in near-field blast loading has typically been neglected in 
published research, recent work by Tyas et al. [155] comparing a free-field blast in an  
air-filled environment and a nitrogen-filled environment suggested there may be an 
afterburning effect in the near-field. Whilst no appropriate high-speed video footage was 
captured to assess the fireballs during the current investigation, unpublished work by 
Bornstein et al. [156] comparing the impulse delivered to a target plate with and without a 
water-filled container highlighted the effect of the water on the fireball (Figure 4.20). 
Whilst the fireball is clearly affected by the water, the occurrence of this is beyond the 
initial loading time on the target. Given the evaporation of the water is what creates the 
reduction in afterburning, the issue with the timescale of evaporation again discounts the 
suppression of afterburning being considered as a blast mitigation mechanism in this 
investigation. While this analysis was not previously published, these experiments were 
conducted as part of the investigation reported by Bornstein et al. [14]. The water-filled 
container reduced the momentum delivered to the flyer plate by 27% in these experiments. 
 
 
Figure 4.20 Visual comparison of fireballs for tests conducted by Bornstein et al. [156].  
   (Left) Without water (Right) With water. 




4.5.2  Peak Pressure Modification / Shock Impedance Mismatch 
In order to understand the physics involved with the blast mitigation provided by the 
water-filled containers, their effect on the propagation of the air shock and detonation 
products needs to be understood. Figure 4.21 shows modelling analysis of the propagation 
of different waves and their associated pressures within a numerical simulation that 
includes a water-filled container. The container used in this simulation had a radius of  
150 mm and a height of 200 mm. A breakdown of the wave dynamics is discussed below.  
  
The air shock interacts with the container at a time of 0.085 ms and is reflected at the 
surface (Figure 4.21b-c), which results in loading on the container due to the reflected 
pressure associated with the air shock. The impedance mismatch between the air and the 
HDPE container ensures there is no transmitted shock wave in the water. This is 
confirmed by the velocity of the wave travelling within the water, which was ~1500 m/s 
(sound speed of water). Hence the loading on the container generates a pressure wave 
within the water, which transmits the loading to the target. The target plate is loaded by 
this pressure wave at a time of 0.2 ms. 
 
The air shock also diffracts around the container, travelling at a speed of ~3500 m/s and 
applies an incident pressure loading to the sides of the container. This incident pressure 
loading results in a low amplitude pressure wave in the water. This wave travels from the 
edge of the container towards the centre and propagates ahead of the main pressure wave 
within the water. The diffracted wave reflects off the target plate due to the shock 
impedance mismatch between the air and the steel at a time of 0.145 ms. The reflected 
shock wave from this interaction then loads the edge of the container prior to the arrival of 
the main pressure wave in the water. A low amplitude pressure wave is generated within 
the water due to this interaction.  
 
The diffraction of the air shock around the edges of the container also generates a 
rarefaction (clearing) wave, which moves from the edges of the container towards the 
centre and relieves the pressure loading on the surface of the container. Figure 4.21e 
indicates a region of lower pressure at the edges of the container, which is indicative of the 
effect of a rarefaction wave.  
 
The detonation products are also deflected (not diffracted) around the container. This 
process results in the generation of a shadow region outside the container. The deflected 





Figure 4.21 Pressure contours from water container representing the  
300 x 300 x 200 mm water container. The outline of the water container has been 
accentuated. 
a) Prior to shock wave interaction with the water container – 0.080 ms.  
b) Initial shock wave reflection at water container surface – 0.085 ms. 
c) Initial pressure wave transmission through water container. Shock wave starts 
to diffract around the container – 0.095 ms. 
d) Shock wave reflects off the target surface outside the water container. Pressure 
wave in water has travelled less than 100 mm through the  
water – 0.145 ms. 
e) Detonation products reflect off the target surface outside the water container. 
Pressure wave in water has travelled less than 150 mm through the water – 0.160 
ms. Effects of rarefaction waves can be seen inside the edge of the container 
where the pressure is lower than along the centre-line of the water container.  
f) Pressure wave in water just prior to reaching the target – 0.200 ms. 
 
In terms of mitigation, whilst the shock-impedance mismatch was shown to stop the 
transmission of a shock wave through the water, the magnitude of the impulsive loading 
did not appear to have been affected by the change from a shock wave to a pressure wave. 
Figure 4.22 shows that the peak pressure at the target surface increases when a water-filled 
container is used. As Jones [39] indicates that a reduction in the peak pressure is required 
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Figure 4.22 Pressure-time history at the surface of the 80 mm thick target for the numerical 
simulations of the base-line target and three water container geometries at the 
centre-line of the target. 
 
4.5.3  Cavitation / FSI Effect 
Both the experiments and numerical simulations indicated that there was a second loading 
phase on the target. Further interrogation of the numerical simulations revealed that this 
additional loading phase was due to the collapse of cavitation bubbles (cavitation closure) 
within the water. Figure 4.23 shows the formation and growth of cavitation bubbles within 
a water-filled container which had a radius of 150 mm and a height of 200 mm. Cavitation 
closure was found to occur within the container at ~0.85 ms, which corresponds to the 
timing of the second loading phase on the centre-point deformation-time history of target 
in the numerical simulations. Whilst the LDT measurement of the second loading phase in 
the experiments indicated that cavitation closure occurred after 1 ms, the mechanism of 
this loading phase has been correctly identified. The LDT measurements from experiments 
with 50 mm and 100 mm high water containers did not indicate a second loading phase. 
However, the numerical simulation of containers with varying height but a constant 
radius of 150 mm indicated that a second loading phase occurred due to cavitation closure 
in all cases, but the structural response was such that the target plate was still deforming 
during cavitation closure. The timescale of the formation and collapse of the cavitation 







height is reduced, the formation and collapse of the cavitation bubbles occurred at an 
earlier time. The models indicated that cavitation closure occurred in the 50 mm high 
container at 0.375 ms, compared to 0.580 ms in the 100 mm high container and 0.865 ms in 
the 200 mm high container. This analysis was based on the visual collapse of the cavitation 
bubbles within the model rather than a pronounced change in the deformation-time 
history. This also highlights how the target deformation can be affected by the relationship 
between the structural response time and the timescales of the different loading phases.   
 
 
Figure 4.23 Development and collapse of cavitation bubbles within the  
300 x 300 x 200 mm water container. The outline of the water container has been 
accentuated. 
a) Formation of small cavitation bubbles at 0.280 ms   
b) Growth into larger cavitation bubbles at 0.500 ms 
c) Initial collapse of cavitation bubbles at 0.550 ms 
d) Complete collapse of cavitation bubbles at 0.865 ms showing a second loading 
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In order to isolate the role of cavitation in the response of the target, a numerical 
simulation was performed where the cavitation threshold was turned off. This was done 
by setting no failure condition for the water. A comparison between the velocity-time 
histories of the target plate centre for both conditions using a water-filled container with a 
radius of 150 mm and a height of 200 mm is shown in Figure 4.24. There is still a second 
loading phase when cavitation is turned off, but the centre-point velocity-time history of 
the plate is slightly different to the loading generated by cavitation closure. Figure 4.25 
shows the differences in the behaviour of the water for the two cases and indicates that 
when cavitation is turned off the water-filled container bounces off the surface of the 
target instead of forming cavitation bubbles. The second loading phase is caused by a 
secondary collision between the water-filled container and the target, which occurs at a 
similar time to the cavitation closure in the original simulation. 
 
 
Figure 4.24 Comparison in centre-point velocity – time history for simulations with and  
   without cavitation. The water-filled container has a radius of 150 mm and a  
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Figure 4.25 Comparison of water behaviour and loading phases for numerical   
   simulations with and without cavitation.  
  
 


















4.5.4  Effect of Stand-off Distance on Blast Mitigation 
The surface of a water-filled container placed between a steel target and explosive charge 
experiences a higher level of loading than the steel target would in the absence of the 
container due to a reduction in stand-off distance from the explosive. To quantify this 
effect the flying ring technique was used, whereby a number of simulations were run with 
the rings at different stand-off distances from the explosive. In this case no water-filled 
containers were used in the simulations. To confirm the validity of this approach, an 
assessment was made between the vertical momentum transferred to a water-filled 
container and a steel plate of equivalent areal density from a 5.06 kg C4 charge. In this 
validation case, there were no rings or target below the water-filled container or the steel 
plate. The results indicated that the use of the steel rings to assess the impact of stand-off 
distance for a water-filled container was valid, with a difference of less than 3% in the total 
vertical momentum transferred to water-filled container and the steel plate.  
 
In order to assess the effect of container height, simulations were performed with the rings 
placed at stand-off distances of 300, 400, 500, 550 and 600 mm, measured from the top 
surface of the rings to the bottom surface of the explosive charge. The results of these 
simulations are shown in Figure 4.26 and presented in terms of the percentage increase in 
loading when compared to the baseline case (600 mm stand-off distance). The influence of 
the stand-off distance was found to depend on the spatial location on the target. This is 
due to the non-uniform flow field of the detonation products from the cylindrical charge. 
For a 300 mm high container, the momentum at the centre of the target is increased by 
>150% over the baseline condition, highlighting the magnitude of the increase in loading 
for a tall container. In addition to the specific momentum transfer at a given location, the 
average percentage increase was calculated for a given container width. For a container 
with a radius of 150 mm, the total percentage increase in momentum is 107% for a 300 mm 
high container, 61% for a 200 mm high container, 27% for a 100 mm high container and 5% 
for a 50 mm high container. These results indicate that the taller containers, which 
performed better in the experiments, need to overcome a significant increase in loading 
due to their upper surface being closer to the charge. This highlights that increasing the 
height of a water-filled container must result in an enhancement of the mitigation 
mechanisms. 
 
It was calculated that the shape of the charge had a significant influence on the spatial 
distribution of loading, which impacted the effect of stand-off reduction at different radial 
distances. For a cylindrical charge, the detonation products flow vertically from the top 
and bottom faces of the charge as well as radially from the circumference of the charge. 
This creates a strong flow field in-line with the faces of the charge. The shock waves 
generated from this expansion are linked by bridging waves (Figure 4.27) and the 
pressures from these bridging waves are significantly lower. As the stand-off is reduced, 
the region of the target in-line with the bridging wave gets larger. This effect is the reason 
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Figure 4.26 Spatial distribution of loading showing the increase in momentum   
   transferred to the surface of a water-filled container for varying heights of  
   container. 
 
 
Figure 4.27 Development of shock waves and bridging waves from a cylindrical charge  
   [157].    
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In addition to affecting the spatial distribution of loading, the cylindrical charge has a 
major influence on the peak pressure at the target centre. For the baseline case, the 
numerical simulations indicated that the peak pressure was ~550 MPa (Figure 4.22). This is 
an order of magnitude above the prediction when using the Kingary-Bulmash equations 
that are described in [17] for a free-field blast with a spherical charge. Whilst this 
difference is extremely high, additional simulations that assessed the reflected pressure 
using the incident and dynamic pressures along with the Rankine-Hugoniot equations 
indicated they were accurate. A simulation with a 5.06 kg spherical charge resulted in a 
dynamic deformation of 37 mm (compared to 114 mm for the cylindrical charge), 
highlighting the importance of charge shape on the target loading in the near-field. Using 
the analytical blast loading condition in AUTODYN®, which is based on the  
Kingary-Bulmash equations, it was found that a 20 kg spherical TNT charge (~16.7 kg PE4 
equivalent) was required to match the level of deformation recorded with a 5.06 kg 
cylindrical charge.  
 
4.5.5  Effect of Mitigant Mass on Blast Mitigation 
In order to evaluate the effect of mass on the mitigation provided, an assessment was 
made using the analytical equations developed by Rahimzadeh et al. [129]  
(Equations 2.2 and 2.3). As both water-filled containers and steel appliques were used, the 
equations are rewritten in terms of the target thickness (Ht) and the applique thickness for 














         (4.2) 
 
Where It is the momentum transmitted to the target mass, I is the initial momentum of the 
applique armour, due to loading from the shock wave and detonation products, Ht is the 
thickness of the steel target and Hsem is the steel equivalent thickness of the mitigant. 
 
To assess the validity of equations 4.1 and 4.2, six separate simulations were performed. 
This included a baseline case without any mitigation and three different steel applique 
panels using 80 mm thick steel rings as the target. The geometry of the applique panels 
were selected to replicate the applique panels used in the test program, although the width 
of some were modified so the edge corresponded to the edge of the steel rings placed 
below the applique. As Equations 4.1 and 4.2 are affected by the target mass, simulations 
were also performed using a baseline case without any mitigation and a single steel 
applique panel using 40 mm thick steel rings as the target. Table 4.6 provides a description 











Mitigant Height  
(mm) 
Mitigant Width  
(mm) 
1 80 None NA NA 
2 80 Steel 12 200 
3 80 Steel 25 150 
4 80 Steel 40 125 
5 40 None NA NA 
6 40 Steel 25 200 
 
The results of the simulations are presented in terms of the percentage reduction in 
impulse provided by the mitigant (when compared to the baseline), as measured for the 
central disc and first two rings. These results are compared to the reductions predicted 
using Equation 4.2 in Figure 4.28. The inelastic collision model is used as it provides a 
better representation of the results. The analytical model is found to predict the percentage 
reduction in momentum to the target provided by the applique to within 5% for most test 
cases and within 10% for all test cases. This indicates that the analytical model can be used 
to provide an effective assessment of the percentage reduction in impulse on the target 
directly below the water-filled containers and steel applique panels due to their mass.  
 
 
Figure 4.28 Comparison of the percentage reduction in target momentum predicted by  
   the numerical model and the analytical model (Eq. 4.2) for four different  




By using Equation 4.2, an evaluation of the impulse scaling factor (It/I) for a 10 mm thick 
steel target was performed. This analysis provided a quantitative measurement of the 
effect of the water mass on the mitigation provided for the experimental condition used in 
this investigation. Figure 4.29 shows how the impulse scaling factor (ISF) is modified due 
to the increase in water mass. This analysis shows that there is a non-linear relationship 
between the reduction in impulse transferred to a target and the addition of mass in the 
form of applique armour. Hence there are reduced benefits in continuing to increase the 
mass of the mitigant beyond a certain amount. Further analysis shows that the additional 
mass provided by the 100, 200 and 300 mm high water-filled containers results in 45%, 
28% and 20% of the impulse delivered the water container being transferred to the target 
plate respectively. An assessment of the percentage reduction in momentum due to the 
mitigant mass across the entire target plate was made for water-filled containers with a 
radius of 150 mm, for various heights. The 50, 100, 200 and 300 mm high water-filled 
containers provided a total reduction in the momentum transfer due to their mass of 19%, 
25%, 31% and 36% respectively. These results indicate that the mitigant mass is an 
important mitigation mechanism for the water-filled containers.   
 
 
Figure 4.29 Impulse scaling factor for a 10 mm thick steel target with varying   
   thicknesses of  applique armour.   
 
4.5.6  Effect of Shadowing on Blast Mitigation 
Numerical simulations revealed that the deflection of the detonation products around the 
surface of the container created a shadow region where there was a significant reduction 
in the peak pressure applied to the target surface. Figure 4.30 shows the computed loading 
from the detonation products on the target for the 50 mm, 100 mm and 200 mm high 
water-filled containers where the radius of each container is 150 mm. As the height of the 
container increased, the detonation products interacted with the target at a greater radial 
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Figure 4.30 Comparison of detonation product loading on target for three water containers. 
   The outline of the water container has been accentuated. 
   (a) 300 x 300 x 50 mm water container (0.155 ms). 
   (b) 300 x 300 x 100 mm water container (0.160 ms). 
   (c) 300 x 300 x 200 mm water container (0.160 ms). 
 
In order to quantify the magnitude of this effect, the flying ring setup was used to compare 
the spatial distribution of loading when different container heights were used. The flying 
ring setup was identical to that described in Chapter 3 and used rings with a thickness of 
80 mm. Figure 4.31 provides a comparison between the baseline setup and water-filled 
containers with a 150 mm radius and heights ranging from 50 mm to 300 mm. The results 
show that not only is the size of the shadow region larger for the taller containers but the 
magnitude of impulse reduction is also greater. The 200 mm and 300 mm high containers 
provide a 60-70% reduction in the momentum transferred to the target in the 100 mm 
               
               















region outside the containers. Beyond this region, the 300 mm high container still provides 
a similar level of mitigation while the 200 mm high container only provides a reduction of 
40%. The 50 mm and 100 mm high containers have smaller shadow regions, with the 50 
mm high container providing 30-40% reductions in momentum transfer for the 50 mm 
region outside the container. The 100 mm high container provides a reduction of 40-60% 
within the 75 mm region outside the container. Quantification of the percentage reduction 
in total momentum transferred to the target due to the shadowing effect is shown in  
Table 4.7. This assessment makes the assumption that the momentum transferred to the 
target below the container is identical to the baseline in order to isolate the mitigation 
provided by shadowing.  
 
 
Figure 4.31  Spatial distribution of loading for water-filled containers with heights of  
   50, 100, 200 and 300 mm. The radius of all containers is 150 mm. Note: The  
   distribution is only shown for rings at radii greater than the water-filled  container. 
 
Table 4.7 Quantification of the percentage reduction in total momentum caused by  
   shadowing for water containers of varying height. 
Container Size 
Shadowing effect on 
total momentum 
% 
150x50 mm Water Container 6 
150x100 mm Water Container 16 
150x200 mm Water Container 32 





The effect of container width on the size and strength of the shadow region is evaluated 
using four containers with a height of 100 mm. The radius of the containers were 50 mm, 
100 mm, 150 mm and 200 mm. Figure 4.32 shows the percentage reduction in momentum 
transferred to the rings outside the container for each case. The wider containers are 
shown to have slightly larger shadow regions which provide a greater magnitude of 
mitigation than the narrower containers. It is likely that the smaller containers have been 
affected by the radius of the explosive charge which was 125 mm. The 50 mm and  
100 mm wide containers only have a very narrow shadow region and the loadings outside 
the shadow region are higher than the baseline for these two container sizes. An analysis 
of the effect of the shadow region on the total momentum transferred to the target is 
provided in Table 4.8. The mitigation provided by the shadow region is found to increase 
when the container width is increased. This analysis conflicts with the experimental 
findings that increasing the width of the container results in less mitigation being 
provided by the water-filled container. One explanation is that the loading and mitigation 
mechanisms each have differing effects based on container width. This may result in less 
mitigation being provided by a wider container even when the shadowing mechanism is 
providing an increased level of mitigation. It should be noted that there is a maximum 
width of container beyond which shadowing will not provide any protection as no 
shadowing will be provided if the entire surface of the target is covered with water. The 
optimisation of the container size is evaluated in Chapter 5.  
 
 
Figure 4.32  Spatial distribution of loading for rings for water-filled containers with   
   radii of 50, 100, 200 and 300 mm. The height of all containers is 150 mm.  
   Note: The distribution is only shown for rings at radii greater than the   
   water-filled container. 
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Table 4.8 Quantification of the percentage reduction in total momentum caused by  
   shadowing for water containers of varying width (at height of 100 mm). 
Container Size 
Shadowing effect on Total 
Momentum  
% 
50x100 mm Water Container -1 
100x100 mm Water Container 3 
150x100 mm Water Container 16 
200x100 mm Water Container 21 
 
During the loading event, the water-filled containers were found to break-up and spread. 
This resulted in the water providing some additional loading on regions of the target 
outside the original width of the container. In order to explore the magnitude of this effect 
a comparison was made between a water-filled container and a pseudo-rigid body with 
the same density as the water container. Figure 4.33 presents a comparison between the 
water-filled container and a rigid body of the same size and density. The computed results 
indicate that the rigid body can provide up to 20% higher reductions in momentum 
transfer within the shadow region. This effect is more pronounced at the edge of the 
container where a larger portion of momentum is likely to be transferred by the spreading 
water to the target.  
 
 
Figure 4.33  Comparison of the spatial distribution of loading for a water-filled container and a 
   pseudo-rigid body with a radius of 150 mm and a height of 200 mm. Note: The  




4.5.7  Effect of Rarefaction Waves on Blast Mitigation 
The flying ring technique was used to quantify the role of rarefaction waves in mitigating 
the momentum transferred to a target. Simulations were conducted using the full ring 
arrangement (centre plate + 14 rings) and an arrangement with a reduced number of rings 
(centre plate + 5 rings). The reduced number of rings was used to provide the same 
dimensions as a water-filled container with a radius of 150 mm. As the rarefaction wave is 
generated at the edge of the target, this wave is created earlier and closer to the target 
centre for the reduced ring setup. Hence, the momentum transferred to the reduced ring 
target will be lower than the full ring target. By comparing the difference in the 
momentum transferred to each ring for the two arrangements, the influence of the 
rarefaction waves can be quantified at each spatial location. The results of this analysis for 
container heights of 50, 100, 200 and 300 mm are shown in Figure 4.34. At the edge of the 
water-filled container, reductions in momentum of 9-17% were calculated. The rarefaction 
waves were predicted to have a slightly greater effect for setups with shorter containers. 
This may be due to the rarefaction wave being associated with the air shock rather than 
the detonation products. For taller containers, which are closer to the explosive charge, a 
greater percentage of the loading is due to the dynamic flow of the detonation products 
than the air shock. As such, the relative effect of a reduction in loading associated with the 
air shock component will be lower at reduced stand-off distances. Closer to the centre of 
the container, the reduction in momentum is <5%. The percentage reduction in the total 
momentum transferred to the target due to the rarefaction waves is <5% for all cases. This 




Figure 4.34  Spatial distribution of loading showing the percentage reduction in target 
   momentum due to rarefaction waves for container heights of 50, 100, 200  
   and 300 mm. 
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4.5.8  Effect of Spreading on Blast Mitigation 
Previous work by Salter et al. [120] and Wolfson [97] indicated that the radial spreading of 
water has the ability to reduce the blast loading on structures. In order to assess the role of 
spreading on the blast mitigation provided for the test cases, a range of numerical 
modelling investigations were performed. The first assessment compared the vertical and 
radial momentums (Figures 4.35 and 4.36), as well as the total internal and kinetic energies 
delivered to a water-filled container and a steel applique of equivalent areal density with 
no target plate (Figure 4.37). The results indicate that while the vertical momentum 
transferred to the water-filled container was similar to the steel applique, the water-filled 
container had a significant radial momentum following the loading from the blast wave. 
This resulted in higher total and kinetic energies being transferred to the water-filled 
container. Figure 4.38 provides an analysis of the conservation of energy within the 
simulations by assessing the differences in the mitigant, air and detonation product 
energies for the water-filled container and steel applique simulations. The additional 
energy within the water was the result of a different redistribution of energy between the 
water, air and detonation products following the blast loading. Whilst spreading of the 
water was predicted, there was no difference in the vertical momentum of the water when 
compared to the steel. Hence this approach to assess the role of spreading does not 
confirm that it affects the momentum transferred to a target. 
 
 
Figure 4.35 Vertical momentum transferred to a 300 x 300 x 200 mm water-filled  




Figure 4.36 Radial momentum transferred to a 300 x 300 x 200 mm water-filled  
   container and equivalent steel applique. 
 
 
Figure 4.37 Total, kinetic and internal energy transferred to a 300 x 300 x 200 mm  





Figure 4.38 Comparison of the total energy delivered to the mitigant, air and   
   detonation products for the steel and water simulations. The curves  
   represent the energy of the material from the steel simulation minus the  
   energy of the material from the water simulation. 
 
To further evaluate the role of water spreading, a series of numerical simulations were 
performed to compare the mitigation provided by a water-filled container, a rigid 
container (same density and dimensions) and a water-filled container with a rigid  
side-wall to confine the water. As AUTODYN® does not allow the use of a rigid body in 
coupled 2D Euler-Lagrange simulations, the density of the steel material model was 
altered to match the density of water. The strength of this material ensured it behaved like 
a rigid body, although the sound speed through the rigid block was an order of magnitude 
higher than the sound speed in water. Figure 4.39 shows the results for the water-filled 
container, rigid container and rigid side-wall simulations for four geometries. For the rigid 
containers there is minimal difference between the four geometries evaluated, but the 
water-filled containers provide significantly more mitigation when a taller container is 
used. Confinement of the water resulted in significantly higher deformation. This confirms 
that spreading is a key mechanism by which the water reduces the momentum transferred 
and hence the deformation of the target. The results also indicate that spreading became 
more influential for the taller and narrower containers. This finding is consistent with the 
comparisons between the water-filled containers and the rigid container. However, the 
confined water simulations typically produced significantly higher deformations than the 
Arrival of detonation 
products at mitigant 
 at mitigant 
Arrival of the air 
shock 
 at mitigant 
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rigid body cases. This may have been due to the increased levels of confinement of the 
detonation products due to the rigid container wall. Also the confinement of the water for 
longer periods leads to the ability to observe more loading phases on the target due to 
cavitation bubble formation and collapse.  
 
 
Figure 4.39  Peak dynamic deformation of a 10 mm steel target shielded by a  
   water-filled container; rigid body of equivalent size and mass as the  
   water-filled container, and steel plate of equivalent areal density. The  effects of 
   the mitigants are compared for four different container  geometries.  
 
An analysis of the reason for the dependence of the container geometry on the influence of 
spreading was conducted by interrogating the velocity vector fields within the water-filled 
containers for a range of setups. Figure 4.40 presents the calculated velocity vectors within 
a 150 mm radius and 200 mm high water-filled container at two time-steps. In  
Figure 4.40a, the pressure wave is initially shown at 0.15 ms post-detonation, at which 
point it has propagated ~60 mm into the water-filled container. At this time, 
approximately the central 25% of the fluid behind the wave front shows no radial 
component in the velocity vector. In Figure 4.40b, the pressure wave is shown at 0.20 ms as 
it arrives at the surface of the target plate. The percentage of water with no radial 
component in the velocity vector is calculated to be minimal at this time. At the edge of the 
container, the water is moving almost fully radially, highlighting the spreading. The 
spreading effect is more pronounced for the taller containers as the radial component of 
velocity is higher closer to the centre of the container. The influence of spreading was also 
found to be reduced when the container was wider due to the confinement. At each 
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location within the container, the water in the wider container has a greater mass of water 
confining the radial motion of the water. 
 
 
Figure 4.40 Velocity vectors within a 200 mm high water-filled container at 0.15 ms (left) and 
   0.20 ms (right) post-detonation. The vectors to the left  of the dashed black line in 
   each image have an observable radial component.    
 
4.5.9 Summary of Blast Mitigation Mechanisms  
A summary of the blast mitigation mechanisms which have been identified by numerical 
simulations as influencing the momentum transferred to a steel plate protected by a  
water-filled container and subjected to near-field blast loading is provided in Figure 4.41. 
The influence of the mechanisms is quantified in terms of an impulse scaling factor for 
three container heights. As the effect of spreading on momentum was not quantified 
directly, it is left as unquantified in the analysis. The unquantified mechanisms were 
calculated by comparing the change in momentum calculated from the stand-off, 
shadowing, mass and rarefaction wave mechanisms with the water-filled container 
simulation results. The unquantified mechanisms were found to have a greater effect as 
the height increases, which is consistent with the spreading mechanism.  
 
The water-filled containers were found to not only change the momentum transferred to 
the target but also the spatial distribution of the loading. To assess whether the spatial 
distribution (rather than the magnitude of the momentum transferred) had a significant 
effect on the target deformation, a comparison was made between the percentage 
reduction in target deformation and the percentage reduction in momentum transferred to 
the target for three container heights (Figure 4.42). The results indicate that the reduction 
in deformation is consistent with the reduction in momentum transferred. This indicates 
that reducing the momentum transferred has a larger influence than changing the spatial 




Figure 4.41 The relative influence of mechanisms that affect momentum transfer to a steel  
   plate subject to a near-field blast and shielded by a water-filled container. Results 
   are provided for three container heights, all with radii of 150 mm.   
 
 
Figure 4.42 Comparison between scaling factors for momentum transfer and deformation.  
   Results are provided for three container heights, all with radii of 150 mm.   
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4.6  Summary 
This chapter described an experimental and numerical investigation into the effect of 
container geometry on the blast mitigation provided by quadrangular-shaped water-filled 
containers. The experiments highlighted the importance of the container geometry. The 
best performing water-filled container provided a 65% reduction in the peak dynamic 
deformation of a 10 mm thick steel target, which is more than twice that provided by an 
applique steel panel of the same areal density and surface area. The experiments also 
proved that increasing the container height (added mass) resulted in enhanced blast 
mitigation, although increasing the surface area of the container (added mass) reduced the 
mitigation effect. Not only did this demonstrate the potential for using water-filled 
containers as part of a blast protection system for armoured vehicles, but it also 
highlighted that such a system needs to be carefully designed and integrated given the 
complexity associated with the geometric influence on the amount of blast mitigation.  
 
Validated 2D numerical simulations were used to determine and quantify the physical 
mechanisms responsible for the blast mitigation. The key mitigation mechanisms were 
identified to be shadowing, mass and spreading. There was a notable trade-off in 
enhancing these mechanisms by increasing the height of the container, with the increased 



























Chapter 5 – Optimisation of Container Geometry 
Abstract 
This chapter describes a numerical investigation into the optimum container size for 
cylindrical/quadrangular-shaped containers together with a combined experimental and 
numerical modelling investigation into the blast mitigation provided by water-filled 
containers with novel geometries. To evaluate the optimum container dimensions, 
simulations were performed using containers with a range of heights and widths. The 
container with a height of 300 mm and a radius of 125 mm provided the best performance 
in terms of reducing the peak deformation. Further analysis indicated that containers with 
a lower mass provided more efficient protection per kg of water. The taller and narrower 
containers which maximise the shadowing and spreading mechanisms provided the most 
efficient mitigation.  
 
Experiments were conducted with a range of novel container shapes including a cone, 
inverted cone, diamond and mushroom. In addition to these container shapes, an array of 
water bottles known as a kinetic energy defeat device (KEDD) was evaluated. The models 
were found to provide adequate predictions for the novel container shapes and were used 
to isolate differences between the target loading for each container type. The best 
performing novel shapes were the mushroom and inverted cone-shaped containers, which 
enhance the spreading mitigation mechanism. However, the mushroom shaped container 
was the only container able to provide better efficiency than the most efficient 
quadrangular container.  
 
5.1  Aims and Objectives 
This chapter documents an investigation into the optimisation of the geometry for  
water-filled containers to maximise near-field blast mitigation. The key aims were: 
 
1. To optimise the design of cylindrical/quadrangular water-filled containers for the test 
conditions used in this investigation.   
 
2. To determine the container shape that maximises blast protection for the test conditions 






5.2  Optimisation of Cylindrical/Quadrangular Water-Filled Containers 
An analysis of the mitigation mechanisms presented in Chapter 4 revealed that there were  
trade-offs for different water container geometries for blast mitigation. Increasing the 
container height was shown to enhance the effects of mass, shadowing and spreading, but 
this effect can be offset by the increase in loading due to the reduced stand-off distance to 
the charge. Increasing the width of the container was shown to enhance the effect of mass, 
but this is offset by a reduction in shadowing and spreading as well as an increase in 
loading from the stand-off reduction. For the container geometries evaluated in Chapter 4, 
increasing the width of the container resulted in a reduction in the blast mitigation 
provided. Given the trade-off between the mechanisms and the fact that an infinitely small 
container would provide no mitigation, there should be an optimum width for a given 
height of container. This section describes a numerical modelling investigation into the 
optimum cylindrical/quadrangular container geometry for near-field blast mitigation. The 
numerical models used cylindrical containers, but as shown in Chapter 4, these results can 
be extended to describe the results from quadrangular containers.  
 
The numerical model setup used for this investigation was described in Chapter 3. The 
models for the various shaped water-filled containers used the same materials described in 
Chapter 3, and the Euler domain was filled to account for the container shape in each 
simulation. Simulations were performed at a range of container heights (100, 150, 200 and 
300 mm) and for a range of container radii (75,  100,  125, 150, 175 and 200 mm). The results 
of this analysis are shown in Figure 5.1 and indicate that for a given height of container, 
there is an optimum radius that maximises the reduction in the peak centre-point 
deformation of the steel target plate. For the 100 and 150 mm high containers, the greatest 
mitigation is provided by the container with a radius of 150 mm. For the 200 and 300 mm 
high containers the greatest mitigation is provided by the containers with a radius of  
125 mm. This result highlights the trade-off in mitigation mechanisms and confirms that 
increasing the mass of the water-filled container does not always result in enhanced blast 
protection. The best performing container is the 300 mm high container with a radius of 
125 mm, which provided a 65% reduction in the peak centre-point deformation of the steel 
target plate. An almost identical container size (300 mm high and radius of  
123 mm) was assessed using both experiments and numerical simulations in Chapter 4.  
 
Whilst the total reduction in deformation is important, the efficiency of the protection 
system on a mass basis is also a major consideration. The efficiency of the container was 
described by the percentage reduction in peak deformation from the baseline condition, 
per kilogram of water. This assessment is presented in Figure 5.2. The results show that up 
to a container radius of 100 mm, the 200 and 300 mm high containers provide the best 
efficiency. However, at larger container radii the shorter containers are more efficient. This 
is due to the non-linear effect of the mitigant mass. The most efficient container was found 
to be the 300 mm high container with a radius of 75 mm. It provided a 7.2% reduction in 
deformation per kg of water. For comparison, the container which provided the greatest 
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reduction in deformation resulted in a 4.4% reduction in deformation per kg of water and 
the best performing steel applique only provided a 2.0% reduction in deformation per kg 
of steel.  
 
 
Figure 5.1 Evaluation of the peak centre-point deformation for a range of container  




Figure 5.2 Evaluation of the mitigation efficiency for a range of container geometries. 
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As the blast mitigation efficiency is partially determined by the mass of the water, a 
further evaluation was conducted to assess the most efficient container for a given mass of 
water. As the containers did not have an identical mass, they were grouped into mass 
classes of 5, 10, 15 and 20 kg. It should be noted that the efficiency measure was calculated 
using the actual mass of water and not the mass class. Figure 5.3 presents the numerical 
results from the analysis, and shows that the taller and narrower containers provide more 
efficient blast mitigation, for a given mass of water. This result is consistent with the 
analysis of the blast mitigation mechanisms in Chapter 4, as the shadowing and spreading 
mechanisms were enhanced by using taller and narrower containers. The results also 
indicate that up to a container height of at least 300 mm, the enhancement of these 
mechanisms is providing a greater influence than the stand-off reduction which increases 
the loading on the container. The results presented in Figure 5.3 can be used to compare 




Figure 5.3 Evaluation of the mitigation efficiency for a range of container geometries.  
   Results are grouped into mass classes for a given container height.   
 
 
5.3  Experimental Methodology and Modelling Predictions 
A detailed description of the baseline experimental methodology was provided in  
Section 3.1.3. In this experimental series, five novel container geometries were compared 
to the best performing quadrangular container geometry from the experiments described 





5.3.1 Effect of Mechanisms and Container Design Methodology 
When designing novel container shapes, the intention was to exploit the shadowing and 
spreading mitigation mechanisms while minimising the mass of the water that was used. 
In addition to these mechanisms, the role of deflecting the blast wave using an angled 
container was also considered. This approach is analogous to the v-shaped hull which has 
been proven to reduce the momentum transferred to armoured vehicles from buried IEDs 
and landmines [4, 59].  
 
Based on these mechanisms, a variety of container shapes were assessed in terms of their 
ability to reduce the deformation of a steel target plate using validated numerical 
simulations. The preliminary simulations used the same modelling conditions described in 
Chapter 3 with a 10 mm thick steel target plate. This section describes the container 
geometries that were selected for experimental testing based on the results of this 
preliminary study. As the validated numerical model uses 2D axial symmetry, the 
containers were designed to have the same symmetry condition.  
 
5.3.2 Cone 
A cone is a 2D axisymmetric representation of a v-shaped hull, and as such was 
considered in the preliminary modelling study. The height and width of the cone was kept 
consistent with the quadrangular container geometries that were shown to provide 
excellent blast mitigation. Figure 5.4 shows the design of the cone used in the experiments. 
A comparison between the predicted centre-point deformation-time histories for the  
cone-shaped container, the baseline test condition, the quadrangular container providing 
the lowest deformation, and a quadrangular container with a similar mass to the cone-
shaped container is shown in Figure 5.5. The models predict that the cone-shaped 
container will provide no improvement in mitigation over the quadrangular container and 
actually cause more deformation of the target than the baseline case. The centre-point 
velocity of the target for the cone shaped container was calculated to be lower than the 
other containers up to 0.4 ms, when there was a significant increase in the centre-point 
velocity.  
 
The numerical simulations were interrogated to identify the cause of the additional target 
deformation using the cone-shaped container. Figure 5.6 shows that the detonation 
products initially deform the target at the edge of the cone-shaped container. As the 
detonation products wrap around the container, they confine the spreading of the water. 
The cone of water then inverts into a jet at the centre of the target. This effect is similar to 
what occurs with a shaped charge where a cone-shaped liner is inverted. Whilst this 
geometry did not provide any blast mitigation, it was selected as one of the geometries to 
be evaluated experimentally to show whether the model was accurately predicting the 










Figure 5.5 Comparison of the predicted centre-point deformation-time histories for the  
   cone-shaped container, the quadrangular container providing the lowest  
   deformation, a quadrangular container with an equivalent mass to the  
   cone-shaped container, and the baseline condition. Note: r is container   










2D Cross Section 




Figure 5.6 Loading and deformation behaviour of steel target with a cone-shaped container. 
   a) Initial loading on target plate (0.16 ms). 
   b) Initial deformation at the outer edge of the target plate (0.3 ms). 
   c) Confinement of water leads to inversion of cone (0.5 ms). 
   d) Confinement of water has created a water jet (1 ms). 
 
5.3.3 Inverted Cone 
The concept behind using an inverted cone-shaped container was to take advantage of the 
shadowing and spreading mitigation mechanisms at a reduced mass when compared with 
the quadrangular container that provides the lowest deformation. The inverted cone was 
expected to present a large surface area to the detonation products with minimal contact at 
the target, thereby creating a large shadow region. By having most of the water mass at a 











The design of the inverted cone is shown in Figure 5.7. A comparison between the 
predicted centre-point deformation-time histories of the inverted cone, the quadrangular 
container providing the lowest deformation and a quadrangular container of similar mass 
is shown in Figure 5.8. The inverted cone was predicted to perform well on a mass basis. 
As such, the inverted cone was selected for evaluation in the experimental series.  
 
 
Figure 5.7 (Left) Inverted cone-shaped container used in experiments.  




Figure 5.8 Comparison of the predicted deformation-time histories for the inverted  
   cone-shaped container, the quadrangular container providing the lowest  
   deformation, and a quadrangular container of similar mass. Note: r is the  
   container radius and h is the container height in mm. 
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5.3.4 Diamond  
The diamond-shaped container (shown in Figure 5.9) was a design concept to combine the 
blast mitigation mechanisms of the inverted cone-shaped container (shadowing and 
spreading) with the potential reduction in momentum transfer caused by angling the 
surface of the container to the incident shock wave and detonation products. A 
comparison between the predicted centre-point deformation-time histories of the 
diamond-shaped container and the quadrangular container providing the lowest 
deformation is shown in Figure 5.10. The results indicated that the performance of the two 
containers was similar when the lower mass of the diamond-shaped container is 
considered. The diamond-shaped container was evaluated experimentally as an additional 
model validation data point.   
 
 
Figure 5.9 (Left) Diamond-shaped container used in experiments.  
   (Right) 2D schematic indicating the container dimensions. 
 
Figure 5.10 Comparison of the predicted deformation-time histories for the  
   diamond-shaped container and the quadrangular container providing the 
   lowest deformation. Note: r is the container radius and h is the container  
   height 












The mushroom-shaped container (shown in Figure 5.11) design was intended to maintain 
the shadowing and spreading effects of the quadrangular container providing the lowest 
deformation (300 mm high, 123 mm radius) at a reduced mass to improve the efficiency of 
the blast protection. This was based on the analysis presented in Chapter 4 that indicated 
that there were diminishing benefits in terms of adding mass on the blast mitigation 
provided. The preliminary numerical simulations shown in Figure 5.12, predicted that 
mushroom-shaped container would significantly increase the efficiency of the blast 
protection. As such, it was selected for evaluation in the experimental series. 
 
 
Figure 5.11 (Left) Mushroom-shaped container used in experiments.  
   (Right) 2D schematic indicating the container dimensions. 
 
 
Figure 5.12 Comparison of the predicted deformation-time histories for the  
   mushroom-shaped container, the quadrangular container providing the  lowest  
   deformation and a quadrangular container of similar mass. Note: r is the container 
   radius and h is the container height in mm. 






















5.3.6 Kinetic Energy Defeat Device (KEDD) 
Wolfson [97] investigated the use of a kinetic energy defeat device (KEDD) that consisted 
of an arrangement of water-filled cylinders that were designed to enhance the spreading 
mitigation mechanism and reduce the loading transferred to the steel target. This concept 
was replicated in this investigation through the use of a series of 1.5 L water-filled bottles 
that were placed in the arrangement shown in Figure 5.13. The bottles have a near-
cylindrical shape. The arrangement shows that the bottom layer of three bottles is stood-
off from the plate by 50 mm, with a top layer consisting of four water bottles. The larger 
number of bottles was placed on the top to create an inverted v-shape. This geometry is 
similar to the inverted cone-shaped container, which was shown to be beneficial in the 
preliminary simulations.  
 
 
Figure 5.13 KEDD setup used in experiments. 
 
5.3.7 Experimental Sequence 
A full list of the experiments conducted as part of the investigation into novel container 
shapes is shown in Table 5.1. There were some issues with the diamond-shaped container 
experiments where the containers were found to leak and were not completely full when 
the test was conducted. The effect of this leaking is described later. The thickness of the 
steel target plates used in these experiments was on average 9.7 mm. This was slightly 
thinner than the plates used in the experiments described in Chapter 4. The reason for the 
differences in plate thickness between experimental series is the tolerances in the thickness 






Table 5.1 List of experiments.  
Experiment 
Number 
Container Shape LDT Used Notes 
1 Baseline Yes 
 
2 Baseline Yes 
 
3 300 mm High Quad Yes 
 
4 300 mm High Quad Yes 
 
5 Cone Yes Only partial recording 
6 Cone Yes 
 
7 Inverted Cone Yes 
 
8 Inverted Cone Yes 
 
9 Diamond Yes Small leak in container 
10 Diamond Yes 
Small leak in container  
(No data captured) 
11 Diamond Yes Larger leak in container 
12 Mushroom Yes 
 
13 Mushroom Yes 
 
14 KEDD Yes 
 




5.4  Experimental Results 
The full list of experimental results is given in Table 5.2, and the average peak dynamic 
deformation results for each container type are compared in Figure 5.14. The variability of 
the experimental setup for a given test condition was assessed by calculating the relative 
error. The relative error was defined as the percentage difference between the minimum 
and maximum values for target deformation for a given test condition. The relative error 
between the repeated experiments was large due to the scatter in the results for the 
diamond-shaped containers. For the permanent deformation, the maximum relative error 
was 55% with the diamond-shaped containers, but only 16% when they were excluded 
from the calculation. Similarly, for the dynamic deformation, the maximum relative error 
was 35% with the diamond-shaped containers, while it was only 9% when they were 
excluded from the calculation. This indicated the tests were relatively consistent, except 
for the diamond-shaped containers where water leakage was observed during the test 
program. In one test, a small leak was found in the diamond-shaped container with water 
dripping slowly from the container. In the other test using the diamond-shaped container, 
a slightly larger leak was found. Given it takes 10-20 minutes to setup and initiate the 
explosive, this resulted in an unquantified loss of water from the containers.  
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The results indicate that the 300 mm high quadrangular container provided the greatest 
reduction in dynamic deformation, with a 70% reduction when compared to the baseline 
condition. The worst performing container shape was the cone, which (as predicted) 
provided no blast mitigation. The inverted cone and mushroom-shaped containers both 
performed well with reductions in dynamic deformation of approximately 50% and 60% 
respectively. The KEDD design provided an approximately 45% reduction in dynamic 
deformation, but was slightly heavier than the inverted cone and mushroom-shaped 
containers. The mass efficiencies of the containers are shown in Figure 5.15. The 
mushroom-shaped container provided the best efficiency and these results are further 
discussed in the following sections.  
 
Table 5.2 Experimental results for all test conditions. Note: NR is used to indicate   



















1 Baseline 0 121 NA 129 NA 
2 Baseline 0 118 NA 129 NA 
3 300 mm High Quad 14.3 21 82 41 69 
4 300 mm High Quad 14.3 23 81 39 70 
5 Cone 7.1 130 -8 NR NA 
6 Cone 7.1 125 -4 131 -2 
7 Inverted Cone 6.8 52 57 65 50 
8 Inverted Cone 6.8 55 54 68 47 
9 Diamond <12.5 37 69 NR NA 
10 Diamond <12.5 48 60 60 54 
11 Diamond <12.5 64 46 81 38 
12 Mushroom 6.8 29 76 47 64 
13 Mushroom 6.8 34 72 51 60 
14 KEDD 9 63 47 76 41 




Figure 5.14 Comparison of averaged dynamic deformation results for each container  
   shape. Error bars represent the relative error calculated for    
   each test setup. 
 
Figure 5.15 Comparison of the efficiency of the mitigation provided in terms of the percentage 




The deformation-time histories for the different container shapes are shown in  
Figures 5.16-5.18. Whilst the peak deformation for the baseline and cone-shaped container 
tests was similar, there is a significant difference in the deformation-time history  
(Figure 5.16). The cone-shaped container produces a lower initial velocity at the  
centre-point of the target until a time of ~0.35 ms when compared to the baseline 
condition, followed by an increase in velocity. The time to peak deformation was found to 
be shorter for the cone-shaped container (0.9 ms) than the baseline (1.1 ms), although 
minimal additional deformation of the baseline condition occurred after 0.8 ms.  
 
 
Figure 5.16 Deformation-time histories for the baseline test condition and cone-shaped  
   container. 
 
Figure 5.17 shows that the inverted cone and mushroom-shaped containers induce a 
similar target response until a time of 0.5 ms, after which higher plate velocities occurred 
for the inverted cone-shaped container test condition. The time to peak deformation was 
measured to be slightly shorter for the mushroom-shaped container (1.1 ms) compared to 
the inverted cone-shaped container (1.3 ms), although minimal deformation of the baseline 
condition occurred after 1 ms. The 300 mm high quadrangular container induced a higher 
initial target velocity but the initial peak deformation occurred at 0.7 ms, which coincided 
with a plateau in the plate deformation until ~1.2 ms. A second loading phase was 
observed at ~1.2 ms, which as described in Chapter 4 is due to the collapse of cavitation 
bubbles. The time to peak deformation of the 300 mm quadrangular container was 
measured to be ~1.3 ms. 
 
Figure 5.18 shows that the KEDD induces significantly lower initial plate velocity than the  
diamond-shaped container until ~0.3 ms. After which there is a significant increase in 
loading for the KEDD resulting in high plate velocities up to 0.8 ms. The increase in 
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velocity is likely caused by the 50 mm air-gap between the water containers and the plate. 
This will result in the water loading the target at a later time than the containers in contact 
with the target plate. The effect of a stand-off between the target and water-filled 
containers is further evaluated in Chapter 7. The time to peak deformation for the KEDD 
was ~1.4 ms. Whilst there were significant differences (scatter) in the results for the 
diamond-shaped container, there was a common feature in the target response at ~0.4 ms, 
where the deformation plateau’s briefly increased again. The time to peak deformation for 
the diamond-shaped containers was also ~1.4 ms.  
 
 
Figure 5.17 Deformation-time histories for the 300 mm high quadrangular, mushroom  
   and inverted cone-shaped containers.  
 
 
Figure 5.18 Deformation-time histories for the KEDD and diamond-shaped containers. 
Lower initial plate velocity for KEDD 
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5.5  Numerical Simulations 
The numerical modelling predictions for the different container shapes are compared to 
the experimental results in terms of the peak centre-point target deformation in Table 5.3. 
All container shapes were modelled except the KEDD which could not be accurately 
analysed using a 2D axisymmetric model. The results show that the models provided a 
reasonable prediction for the majority of the container shapes, with the deformation 
predicted to within 22%. Although this value is higher than ideal for model validation, 
when the percentage reduction from the baseline case is compared between the model and 
the experiment, all predictions are within 5% except for the cone and diamond-shaped 
containers. The model of the cone-shaped container over-predicted the deformation, and 
this is further discussed in Section 5.6.1. The diamond-shaped container was found to leak 
in the experiments which affected the results as noted by the under-prediction of 
deformation by the model. This is further discussed in Section 5.6.3.  
 
Table 5.3 Comparison between numerical model predictions and experimental results for  
   the different container shapes. Note: The experimental results are the average of 
   multiple tests except for the diamond-shaped container  where the lower  


























Baseline 129 133 3 NA NA NA 
300 mm 
High Quad 
40 46 16 69 65 -4 
Cone 131 160 22 -2 -20 -19 
Inverted 
Cone 
66 74 12 49 44 -4 
Diamond 60 50 -17 54 63 9 
Mushroom 49 55 12 62 59 -3 
 
A comparison between the experimental and numerical deformation-time histories for the 
novel container shapes is shown in Figures 5.19 and 5.20. The models were able to capture 
the trends in the target response accurately (E.g. the slope of the curves) for the cone, 
inverted cone and mushroom-shaped containers, although the peak deformation for the 
cone was over-predicted. This implies that they are correctly capturing the physics of the 
loading and the target response, although further analysis is required to evaluate why the 
deformation from the cone-shaped container was over-predicted. For the diamond-shaped 
container there was a clear difference between the experimental and numerical results, 





Figure 5.19 Comparison between the experimental and numerical deformation-time  
   histories for the cone and inverted cone-shaped containers.  
 
 
Figure 5.20 Comparison between the experimental and numerical deformation-time  




5.6  Container Shape Analysis 
5.6.1 Cone 
The numerical model of the cone-shaped container over-predicted the peak central 
deformation by 22%. An analysis of the numerical model indicated that the confinement of 
the water by the detonation products resulted in an inversion of the cone and formation of 
a water jet. One difference between the experiment and the model was the protrusion of 
the filling cap on the container. In order to assess the effect of a protrusion, an additional 
simulation was run with a small protrusion of water. A comparison in the  
deformation-time histories of the cone-shaped container with and without the protrusion 
is shown in Figure 5.21, and it indicates that the protrusion provides a 50% reduction in 
the deformation from the original cone shaped container. Figure 5.22 provides an 
explanation for this reduction, as the detonation products are shown to deflect away from 
the container, reducing the confinement. Whilst there is still some jetting of the water, it is 
significantly less than shown in Figure 5.6 for the cone-shaped container. It should be 
noted that as the model had 2D axial symmetry the protrusion was present around the 
entire container, which is different to the cap in the experiment. However, this evaluation 




Figure 5.21 Comparison between the predicted deformation-time histories of the  






Figure 5.22 Loading and deformation behaviour of steel target with a cone-shaped  container 
   with a protrusion (a-d) and without a protrusion (e-h) at different times post  
















In order to further analyse the target loading from the cone-shaped container with and 
without the protrusion, the flying ring technique was used. The results are presented in 
Figure 5.23 and show that the momentum transferred to the target directly below the 
container was up to 60% lower than the baseline condition. This indicates that the jetting 
of the water at the centre of the target was not responsible for the high deformations. The 
loading on the rings outside the container were calculated to be up to 125% higher than 
the baseline. This suggests that the deflected detonation products maintain their energy 
and provide a higher loading at the edge of the container, where they interact with the 
plate. When a protrusion is added to the container, there is a significant reduction in the 
target loading within this region. The protrusion creates a small shadow region and the 
only section of the target that experiences higher loadings than the baseline is at a radial 
distance that corresponds to the edge of the EBD orifice. Hence the impact of these higher 
loadings does not translate into increased target deflection. The presence of the protrusion 
was shown to provide effective mitigation, although the efficiency of the protection was 
calculated to be lower than quadrangular containers with a similar mass.  
 
 
Figure 5.23 Comparison of the spatial distribution of loading for the cone-shaped container  
   with and without a protrusion. 
 





An analysis of the total momentum transferred to the target rings was conducted inclusive 
of the centreplate through Ring 11. This region was selected as it represents the maximum 
size of the orifice in the EBD. The cone-shaped container provided a 7% increase in 
momentum when compared to the baseline condition, while the deformable target 
simulations calculated a 20% increase in deformation. The cone-shaped container with a 
protrusion provided a reduction in momentum of 41% when compared to the baseline 
condition, while the deformable target simulations calculated a 39% reduction in 
deformation. 
  
The deflection of the detonation products resulted in high loadings on the target plate 
outside the container. In order to minimise this effect, two additional models were run 
with cone-shaped containers that extended to the edge of the EBD orifice (317 mm radius). 
The containers were 200 and 300 mm high and provided 52% and 62% reductions in the 
target plate deformation when compared to the baseline condition, respectively. Whilst 
these containers showed improved performance, they were heavy and their mass 
efficiency was significantly lower than the quadrangular containers.   
 
5.6.2 Inverted Cone 
The inverted cone-shaped container was found to be efficient in providing protection, with 
a 7.3% reduction in target deformation per kilogram of water. This was similar to the  
300 mm high quadrangular container in the same mass class. The computed responses of 
the inverted cone-shaped container and steel target are shown in Figure 5.24. There is a 
spreading of the fluid due to the container shape and formation of a shadow region. The 
loading also results in the formation of cavitation bubbles below the main body of water. 
At 0.6 ms, there is a collapse of the void created by the cavitation bubbles resulting in 
significant loading on the target. This corresponds to the major loading phase for the 
inverted cone-shaped container, as found in both the experiments and the simulations 
(Figure 5.19). 
 
Figure 5.25 presents a comparison of the spatial distribution of loading for the inverted 
cone-shaped container and the quadrangular container providing the lowest deformation. 
At the centreplate of the target the quadrangular container outperforms the inverted cone-
shaped container due to its greater height of water (300 mm vs 200 mm). For rings 1 and 2, 
the inverted cone-shaped container provides a similar reduction in the momentum 
transferred, which is likely due to an enhanced spreading effect caused by the shape of 
this container. However, at greater radial distances the quadrangular container 
significantly outperforms the inverted cone-shaped container. This is due to its greater 
mass of water for the inner rings (rings 3-5) and then its larger shadow region due to its 





Figure 5.24 Loading and deformation behaviour of steel target with an inverted cone  
   shaped container. a) 0.15 ms  b) 0.3 ms c) 0.5 ms d) 0.72 ms 
 
An analysis of the total momentum transferred to the target rings was conducted inclusive 
of the centreplate through Ring 11. This region was selected as it represents the maximum 
size of the EBD orifice. The inverted cone-shaped container provided a 36% reduction in 
momentum when compared to the baseline condition, while the deformable target 
simulations calculated a 42% reduction in the centre-point deformation.  
 
Given the efficiency shown for the inverted cone-shaped container, an additional 
simulation was performed using a modified container design in order to enhance the 
protection by increasing the container height. The height of the container was 300 mm, the 
top radius was 150 mm and the bottom radius was 50 mm. This new design for the 
inverted cone-shaped container improved the blast mitigation over the original container 
design. However, the increased mass of water resulted in a lower mitigation efficiency 














Figure 5.25 Comparison of the spatial distribution of loading for the inverted  
   cone-shaped container and the quadrangular container with a radius of  
   123 mm and a height of 300 mm. 
 
5.6.3 Diamond 
There was significant scatter in the experimental results for the diamond-shaped 
containers. As this was thought to be due to the leaks from the containers, two additional 
simulations were performed to evaluate the role of different fill levels on the mitigation 
provided. In these simulations the top 60 mm and 90 mm were removed from the 
container; this represented losses in water of 400 ml and 1400 ml, respectively. A 
comparison of the experimental and numerical results is shown in Figure 5.26. The model 
with the top 90 mm of water removed results in a very similar deformation-time history to 
the experiment with the large leak in the container. The model with the top 60 mm 
removed resulted in similar peak deformations as the experiment with a small leak, 
although some differences are observed in the deformation-time history. These results 
indicate that it is likely the scatter in the experimental data and the poor correlation 
between the experiments and models for the diamond-shaped container was due to the 
leaks. Based on the models with a full container, it is likely that the diamond-shaped 
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container would have had a performance similar to the quadrangular container with the 
lowest deformation.  
 
 
Figure 5.26 Comparison between the centre-point deformation-time histories for the  
   diamond-shaped container with different fill levels as well as the experimental  
   results for the diamond-shaped container.  
 
The response of the diamond-shaped container and steel target are shown in Figure 5.27. 
There is a clear deflection of the detonation products due to the container shape and the 
formation of a shadow region. The loading also results in the formation of cavitation 
bubbles below the main body of water. At ~1.5 ms, there is a collapse of the void created 
by the cavitation bubbles and complete collapse occurs shortly afterward resulting in a 
significant loading on the target. This loading corresponds to an additional loading phase 
which was observed for the diamond-shaped container in the simulations (Figure 5.20). 
Whilst the experiments did not identify this additional loading phase, this is explained by 
the leaking of water. Figure 5.26 showed that there is no distinguishable additional 
loading phase for the diamond-shaped containers which were not full. Further analysis of 
these simulations indicated that the collapse of the cavitation bubbles occurred earlier 






Figure 5.27 Loading and deformation behaviour of steel target with a diamond-shaped  
   container. a) 0.16 ms  b) 0.4 ms c) 1.0 ms d) 1.6 ms. 
 
Figure 5.28 presents a comparison of the spatial distribution of loading for the  
diamond-shaped container and the quadrangular container with the lowest deformation. 
The diamond-shaped container provides less mitigation of the momentum transferred at 
all locations on the target. This suggests that the diamond-shaped container is unable to 
exploit any of the mitigation mechanisms in a manner superior to the quadrangular 
container.  
 
An analysis of the total momentum transferred to the target rings was conducted, 
inclusive of the centreplate through Ring 11. This region was selected as it represents the 
maximum size of the orifice in the EBD. The diamond-shaped container provided a 51% 
reduction in momentum when compared to the baseline condition, while the deformable 
target simulations calculated a 61% reduction in the centre-point deformation.  
(a) (b) 
(c) (d) 






As the diamond-shaped container was wider than a number of the other containers, an 
additional simulation was performed to assess the effect of a diamond-shaped container 
with a maximum radius of 150 mm, while maintaining the same height and container base 
radius. The modified diamond-shaped had a water mass of 7 kg, which was lower than 
the 12.45 kg for the original diamond-shaped container. The modified container was 
predicted to have a higher deformation than the original container, but was more efficient 
per unit mass of water. However, the efficiency was below both the inverted cone-shaped 




Figure 5.28 Comparison of the spatial distribution of loading for the diamond-shaped  
   container and the quadrangular container with a radius of 123 mm and a height of 
   300 mm. 
 
5.6.4 Mushroom 
The mushroom-shaped container was found to be highly efficient in providing protection 
with a 9.1% reduction in target deformation per kilogram of water. This was superior to 
the best performing 300 mm high container in the same mass class. Numerical simulations 
of the mushroom-shaped container and steel target for increasing time increments 
following detonation are shown in Figure 5.29. Following formation of the shadow region 
due to the deflection of the detonation products, the overhanging region of the water is 
seen to form a jet and thereby loads the target at the edge of the EBD orifice. A significant 
part of the water then spreads radially away from the target. 
 




Figure 5.29 Loading and deformation behaviour of steel target with a mushroom-shaped  
   container. a) 0.155 ms  b) 0.5 ms c) 1.0 ms 
 
Figure 5.30 presents a comparison of the spatial distribution of loading for the  
mushroom-shaped container and the quadrangular container providing the lowest 
deformation. The results indicate that directly below the base of the mushroom-shaped 
container, there is a greater reduction in the momentum transferred to the target than the 
quadrangular container. As both containers have the same height of water above the target 
in these locations, the modelling indicates that the improved performance is caused by the 
enhanced spreading provided by the mushroom-shaped container, which is narrower. The 
quadrangular container outperforms the mushroom-shaped container at larger radial 
distances from the target centre. In this region, the quadrangular container is providing 
mitigation through the mass and spreading mechanisms, while the mushroom-shaped 
container is only providing mitigation through shadowing. The spreading of the 
overhanging section of the mushroom-shaped container results in an isolated loading on 
ring 11 that is significantly higher than the baseline condition. However, ring 11 is at the 
edge of the deformable section of the target plate due to the EBD dimensions and does not 
significantly influence the deformation for the experimental setup used in this 
investigation. 
 
An analysis of the total momentum transferred to the target rings was conducted, 
inclusive of the centreplate through Ring 11. This region was selected as it represents the 
maximum size of the orifice in the EBD. The mushroom-shaped container provided a 47% 







reduction in momentum when compared to the baseline condition, while the deformable 




Figure 5.30 Comparison of the spatial distribution of loading for the mushroom-shaped  
   container and the quadrangular container with a radius of 123 mm and a height of 
   300 mm.  
 
Given the blast mitigation efficiency of the mushroom-shaped container, further 
simulations were run to assess some additional designs using the same principle to 
optimise the efficiency. The first series of simulations evaluated the width of the container 
base that was in contact with the plate. In these simulations the width at the top of the 
container was kept constant (123 mm) and the height was also fixed (300 mm). A 
schematic of these container designs is shown in Figure 5.31. Figure 5.32 provides a 
comparison between these different mushroom-shaped container designs. The simulations 
predict that a container base width of 100 mm would outperform the  
quadrangular-shaped container in terms of both the deformation reduction and efficiency 
(6.4% per kg of water). However, the original mushroom-shaped container (75 mm radius 
of container base) provides more efficient mitigation with an efficiency of 9.1% per kg of 
water. The second series of simulations evaluated the effect of adding the overhanging 
section to the top of the container while maintaining a constant radius for the base of the 
container (75 mm) and height (300 mm). Additional simulations were run with a top 
radius of 100, 150 and 175 mm to assess the effect on the deformable steel target. A 





comparison of the centre-point deflection of the steel target for different sized  
mushroom-shaped containers. The results indicate that optimum mitigation is found for 
the containers with a top radius of 100 and 123 mm for this radius of container base. 
Larger top radii resulted in reductions in the mitigation provided by the container. An 
analysis of the simulations with the larger top radii indicated that jetting of the 
overhanging water impacted the plate closer to the target centre (Figure 5.35). Whilst the 
smaller top radii resulted in the jet impacting the plate at the edge of the EBD orifice, the 
larger top radii result in the jet impacting the plate within the EBD orifice resulting in 
higher deformations.  
 
 
Figure 5.31 Schematic of mushroom shaped containers with varying radii for the container  
   base. The container height is 300 mm and the top radius is 123 mm. (Not to scale) 
 
 
Figure 5.32 Effect of container base radius for mushroom-shaped containers. All   
   containers have a height of 300 mm and the top radius is 123 mm.  
 




Figure 5.33 Schematic of mushroom shaped containers with varying radii for the top of the  
   container. The container height is 300 mm and the bottom radius is 75 mm.  
   (Not to scale) 
 
 
Figure 5.34 Effect of the top radius for mushroom-shaped containers. All containers  have a  
   height of 300 mm and the radius of the container base is 75 mm.  




Figure 5.35 Comparison of jet impact point for mushroom-shaped containers with different 
   top radii. The container height is 300 mm and the radius of the container base is 
   75 mm. a) 123 mm top radius at 0.5 ms. b) 175 mm top radius at 0.45 ms.   
 
5.7  Summary 
This chapter described a numerical investigation into the optimum container size for a 
quadrangular container and a combined experimental and numerical investigation into the 
blast mitigation provided by water-filled containers with novel geometries. An analysis of 
the optimum container size indicated that a quadrangular container with a height of  
300 mm and a radius of 125 mm provided the best performance in terms of reducing the 
peak deformation of the steel target plate. Further analysis indicated that containers with a 
lower mass provided more efficient protection per kg of water. The taller and narrower 
containers which maximise the shadowing and spreading mechanisms provided the most 
efficient blast mitigation. 
  
A range of novel container geometries were evaluated experimentally and numerically, 
with the simulations shown to be able capture the experimental deformation with 
reasonable accurately. In cases where there were discrepancies, further analysis indicated 
the differences were likely due to either leaking containers (diamond-shaped container) or 
asymmetry in the container design (cone-shaped container). The most efficient designs 
were found to be the mushroom and inverted cone-shaped containers. These containers 
both enhanced the spreading mechanisms and provided a high level of blast mitigation 
with a minimal mass penalty. However, the mushroom-shaped container was the only 
container which was able to provide better efficiency than the best quadrangular 
container. 
Water jet impact 
at edge of EBD 
orifice 






Chapter 6 – Effect of Mitigant Type 
Abstract 
This chapter presents a combined experimental and numerical study into the effect of 
different fill materials (mitigants) placed inside containers on reducing the deformation of 
a steel target plate subjected to near-field blast loading. Six different mitigants were 
considered: bulk water, aerated water, sand, expanded polystyrene (EPS), a combination 
of EPS and water (½ EPS + ½ water), and shear thickening fluid (STF). Experimental blast 
testing revealed that the performance of the mitigants depended on their mass, with sand 
providing the best mitigation and EPS the worst for a given volume. Bulk water provided 
the greatest reduction of the peak deformation per unit of added mass. The mitigant 
material also had a significant effect on the deformation-time history of the steel plate. The 
sand and the ½ EPS + ½ water mitigants were found to significantly delay the arrival of 
the pressure wave at the target surface due to their compressibility and low sound speed. 
However, further analysis showed neither the peak pressure reduction nor the time delay 
was a significant contributor to reducing the peak plate deformation. The mass, 
shadowing and spreading mechanisms were found to be the major mitigation mechanisms 
for the different mitigant materials evaluated, although their influence varied for each 
material.  
 
Some of the research work in this chapter has been published in: 
 
1. H. Bornstein, S. Ryan and A. Mouritz, Blast mitigation with fluid containers: Effect of 
mitigant type, International Journal of Impact Engineering, Vol. 113, pp. 106-117, 2018. 
 
 
6.1  Aims and Objectives 
This chapter documents an investigation into the influence of different mitigant materials 
on the near-field blast mitigation they provide when placed within containers. The key 
aims of the study were to: 
 
1. Identify the best-performing mitigant material to maximise the protection provided to a 
flat steel plate by an external container exposed to a near-field air blast.   
 
2. Develop a validated numerical model to predict target deformation for near-field blast 
loading events with each of the selected mitigants.  
 
3. Identify the importance of different loading and mitigation mechanisms responsible for 





6.2  Experimental Setup 
A detailed description of the baseline experimental conditions was provided in Section 
3.1.3. The only change was the thickness of the steel target plate used in the experiments. 
The average thickness of the targets used in this investigation was 9.4 mm. The change 
occurred due to the tolerances in the specifications for the grade of steel being purchased. 
Five different mitigant types are compared to water in this experimental series. The five 
mitigants selected were aerated water, sand, expanded polystyrene (EPS), a combination 
of EPS (½ EPS + ½ water) and water, and a shear thickening fluid (STF). 
 
6.2.1 Selection of Aerated Water 
The investigation presented in Chapter 4 showed that water did not mitigate the blast 
loading by reducing the peak pressure exerted on the steel target. McCallum and 
Townsend [158] conducted a numerical investigation comparing aerated water and bulk 
water in terms of their ability to mitigate the pressure applied due to hydraulic ram. They 
found that aerated water could significantly reduce the pressure of a transmitted shock 
wave when compared to bulk water. Reducing the peak pressure at the target increases 
the duration of the loading, which according to the analytical models of Jones [39] for the 
dynamic response of plates, has the potential to reduce target deformation. As aerated 
water has the potential to reduce the peak pressure at the target surface it was selected as a 
mitigant in this investigation.  
 
In addition to the peak pressure modification, the soundspeed of aerated water with a 10% 
volume fraction of air is <50 m/s [113], which is much slower than that of bulk water (1500 
m/s). This reduction may enhance the blast mitigation effect provided by allowing the 
structural response from the initial loading on the plate, which occurs outside of the 
container, to dissipate prior to loading at the centre of the plate under the container. 
 
The aerated water container setup (without a lid) is shown in Figure 6.1. Aeration of the 
water was achieved using a HAILEA ACO 328 air compressor with a flow rate of  
70 L/min connected to air lines of ~10 m length to six Aqua Nova aquarium air stone 
walls. The air stone walls were attached to the bottom of the fluid container and spread 
across the surface to create a near-uniform distribution of bubbles through the water. 
However, the volume fraction of air in the water was not quantified. Prior to the 
experiment the top of the original container was placed back onto the aerated water 





Figure 6.1 (Left) Aerated water setup (shown without a lid).  
   (Right) Schematic of air stone wall locations on the bottom surface inside the  
   aerated water container. 
 
6.2.2  Selection of Sand 
As discussed in Section 2.2.6, sand has been used as a mitigant material for a range of blast 
protection scenarios. An example is the work by Kirkpatrick et al. [81] and Homae et al. 
[102] who reported the benefits of using sand over water. They identified the effect of 
porosity within sand in reducing the peak incident pressure from an explosive event. Sand 
is a compressible medium and has the potential to reduce the peak pressure applied to the 
target which may in turn reduce the target deformation for a given blast loading condition. 
Sand is also denser than water and its additional mass for a given volume of container 
may provide advantages over water. As such, sand was selected as a mitigant for this 
investigation. 
  
The sand used during this investigation was dry (although the moisture content was not 
recorded) and had a density of 1.34 g/cm3, and thus a sound speed <265 m/s can be 
expected based on the work of Laine and Sandvik [159]. As was described for the aerated 
water, the reduction in sound speed when compared to water may increase the separation 
between the arrival of the shock wave on the target plate outside the container and the 
pressure wave directly below the container.  
 
6.2.3 Selection of Expanded Polystyrene (EPS) 
As discussed in Section 4.5.6, shadowing was identified as one of the key mechanisms by 
which water-filled containers mitigate blast loading. As the timeframe of the loading is 
short (less than 1.2 ms), the theory was to use EPS to take advantage of the shadowing 
mechanism using a mitigant with a significantly lower mass than water. The mass of the 
EPS-filled container was ~1.2 kg while the mass of the water-filled container was ~19.6 kg. 
Whilst there are potential advantages in this approach, the trade-off between shadowing, 
mitigant mass and stand-off needs to be considered. An H-grade EPS block (~0.024 g/cm3) 
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was used in the investigation, and had a compressive strength of 135 kPa at 10% strain 
based on a quasi-static loading condition [160]. The bottom of the container was removed 
to allow the EPS block to be bonded inside the container. Hence the top surface of the 
HDPE container interacted with the charge, but there was no HDPE container bottom in 
contact with the target. 
 
6.2.4 Selection of EPS and Water (½ EPS + ½ Water) 
Foam claddings are another protection technology that has been employed to mitigate 
blast loading in scenarios involving water. These foam claddings have been used in 
underwater blast to successfully reduce the impulse transferred to a target through the 
fluid-structure interaction (FSI) effect [128-130]. The FSI effect was analytically described 
by Taylor [127], and when a plate is subjected to shock loading in water the momentum 
transferred to the plate is influenced by the plate velocity. A higher plate velocity will 
result in a greater reduction in the momentum transferred to the target. Hence, the 
inclusion of a collapsible mitigant between the water and target plate, which deforms at 
high velocity, may provide additional mitigation due to the FSI effect. A combination of 
EPS and water (50/50 by volume) was used in an attempt to take advantage of the FSI 
effect. The top of the container was removed and the EPS block, which came halfway up 
the container, was bonded to the bottom of the container. After filling the top half of the 
container with water, the lid was taped to the top surface of the container. 
 
This combination of the EPS and water also had the potential to affect a number of other 
mitigation mechanisms. In a similar manner to the EPS, this combination offers the 
potential to create a shadowing effect with a reduced mass. Whilst there are potential 
advantages in this approach, the trade-off between shadowing, mitigant mass and  
stand-off needed to be considered. 
 
6.2.5 Selection of Shear Thickening Fluid 
Shear thickening fluid (STF) was selected to explore the effect of a higher density fluid and 
an increased viscosity on the blast mitigation provided to the target plate. The viscosity of 
the STF may limit cavitation, as the STF is expected to behave more like a solid rather than 
a liquid under high loading rates. Cavitation is generated due to the lack of tensile 
strength within a fluid; hence the use of a STF will affect the second loading phase on the 
target which was identified in Chapter 4 as being due to the collapse of cavitation bubbles. 
STF made from corn starch and water was used in these experiments, mixed by hand at a 
weight ratio of 1-to-1. The final density of the STF used was 1.1 g/cm3.   
 
6.2.6 Experimental Sequence 
In order to effectively assess the performance of the mitigants given the change of steel 
thickness from the previous experimental series, tests were conducted without any 
mitigant (baseline) and with water-filled containers. In this experimental series two 
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quadrangular container geometries were used for the mitigants. Both geometries had a 
length and width of 300 mm and heights of 100 mm or 200 mm. In addition to the 
mitigants already described, an evaluation was made with a 100 mm high  
water-filled container placed on top of an empty 100 mm high container. This setup was 
used to exploit the shadowing effect with a reduced mitigant mass when compared to a 
full 200 mm high container. A complete list of the experiments conducted in the 
investigation is given in Table 6.1.  
 
Table 6.1 List of experiments. Note: (partial) indicates that the LDT was  







1 None (Baseline) NA Yes (partial) 
2 None (Baseline) NA Yes 
3 Water 200 Yes 
4 Sand 200 Yes 
5 Sand 200 Yes 
6 STF 200 Yes 
7 STF 200 Yes 
8 Aerated Water 200 Yes 
9 Aerated Water 200 Yes (partial) 
10 EPS + Water 200 Yes 
11 EPS 200 Yes (partial) 
12 EPS 200 Yes 
13 Water 100 Yes 
14 Sand 100 Yes 
15 Sand 100 No 
16 STF 100 Yes 
17 STF 100 No 
18 EPS 100 No 
19 EPS + Water 100 No 
20 Empty + Water (Top) 100 No 
 
6.3  Experimental Results 
The full list of experimental results is given in Table 6.2 and the average dynamic 
deformation results for each test condition are compared in Figure 6.2. The variability of 
the experimental setup for a given test condition was assessed by calculating the relative 
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error. The relative error was defined as the percentage difference between the minimum 
and maximum values for deformation of the steel target plate for a given test condition. A 
maximum relative error of 16% was calculated for the permanent deformation 
measurements. A maximum relative error of 7% was calculated from the dynamic 
deformation measurements, although fewer tests were repeated in which this 
measurement was recorded.  
 
The 200 mm high water-filled container provided a 54% reduction in the dynamic 
deformation when compared to the bare plate. This was consistent with the experiments 
described in Chapter 4, where a 51% reduction in dynamic deformation was measured for 
the same container size. Of the other mitigants evaluated only sand outperformed water in 
terms of reduced peak deformation; with an average reduction in dynamic deformation of 
59%. The STF and aerated water provided a similar performance to bulk water in terms of 
peak dynamic and permanent deformation, while the EPS was similar to the baseline test 
condition. The ½ EPS + ½ water container of 200 mm in height resulted in similar levels of 
mitigation to the 100 mm high water container and a 100 mm high water container that 
was placed on top of an empty 100 mm high container. Whilst the sand outperformed the 
water for a given size of container, the sand had a density that was 34% greater than 
water. Hence the water provides a greater level of protection per unit of added mass. As 
water is commonly carried on-board armoured vehicles, it has the added benefit of being 
available for use in a protection system without the need to add mass to the vehicle.   
 
 
Figure 6.2 Comparison of averaged peak centre-point deformation results for each  
  mitigant material and container size. Error bars represent the relative error  
  calculated for the test setup. 
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Table 6.2 Experimental results for all test conditions. Note: NR refers to tests where the 




















1 None NA 129 NA NR NA 
2 None NA 128 NA 136 NA 
3 Water 200 52 60 63 54 
4 Sand 200 45 65 54 61 
5 Sand 200 40 69 58 57 
6 STF 200 49 62 62 54 








200 56 56 NR NR 
10 
½ EPS +  
½ Water 
200 81 37 92 32 
11 EPS 200 155 -21 NR NR 
12 EPS 200 132 -3 141 -4 
13 Water 100 80 38 91 33 
14 Sand 100 77 40 87 36 
15 Sand 100 75 41 NR NR 
16 STF 100 77 40 86 37 
17 STF 100 76 41 NR NR 
18 EPS 100 139 -8 NR NR 
19 
½ EPS +  
½ Water 





200 81 37 NR NR 
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The average permanent deformation profiles of the plates are shown in Figure 6.3. These 
were measured by placing the plates back into the EBD and fixing a measuring rig onto 
the EBD. This rig allowed measurements to be made with a laser at multiple locations on 
the plate. There is no obvious qualitative distinction between the deformation profiles of 
the mitigant materials outside of peak deformation magnitude (that also results in 
increased stretching of the plates as they pull-through the EBD). The EBD slip boundary 
condition results in warping at the edges and boundary of the plate, leading to the 
negative values for permanent deformation shown at the plate edges in Figure 6.3. 
 
 
Figure 6.3 Averaged deformation profiles for each mitigant type and baseline test   
  condition. 
The centre-point deformation-time histories of the various test conditions are shown in  
Figures 6.4-6.6. A comparison between the water, aerated water and STF is shown in 
Figure 6.4, and indicates little difference between the mitigants. Figure 6.5 compares the 
water, sand and ½ EPS + ½ water mitigants, and shows that both the sand and ½ EPS + ½ 
water containers provided a delay in the loading at the centre of the plate, compared to 
water, due to the reduced sound speed of the mitigants. Figure 6.6 indicates that whilst the 
EPS delays the arrival of the loading at the plate centre when compared to the baseline, it 
is unable to reduce the peak deflection. As the deformation-time histories vary for each of 
the mitigants, this indicates that the mechanics involved in their response is varying, even 
if there may not be an observable difference in the peak deformation of the target. An 
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analysis of the mechanics involved with the loading and mitigation of each mechanism is 
conducted with the use of numerical simulations.  
 
 
Figure 6.4 Comparison of deformation-time histories for the baseline condition and  
200 mm high containers filled with water, aerated water or STF. 
 
 
Figure 6.5 Comparison of deformation-time histories for the 200 mm high containers filled 




Figure 6.6 Comparison of deformation-time histories for the baseline test condition 
and the 200 mm high containers filled with water, EPS or EPS + water. 
 
6.4  Numerical Simulation Setup 
The numerical simulation setup used for this investigation was described in full in 
Chapter 3. The models for the various shaped water-filled containers used the same 
materials described in Chapter 3 and the Euler domain was filled to account for the 
container shape in each simulation. 
 
6.4.1  Aerated Water Material Model 
The aerated water was described using a P- EoS with a cavitation threshold for the failure 
criteria. As the volume fraction (VF) of air in the water was unknown, three material 
models (1%, 5% and 10% air) were generated for the aerated water and compared to the 
experimental results to select the most appropriate volume fraction. The initial sound 
speed for each of the aerated water models was calculated using the equations described 
by Grujicic et al. [113]. A sound speed of 120 m/s was used for the 1% VF model, 54 m/s 
for the 5% VF model and 40 m/s for the 10% VF model. The pressure at a density of  
1 g/cm3 was set to 4 MPa [158] for all three volume fractions, although the exponent of the 
P- model was varied to account for the differences in compression of the different void 
ratios. The material model parameters for each air volume fraction are shown in Table 6.3.  
 
Figure 6.7 compares the deformation-time history of the three aerated water models with 
the experimental result. The results indicate that aerated water with a 1% VF of air 
provided the closest match in terms of the peak deformation. However, aerated water does 
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not have a clear second loading phase in the experiments, while the 1% VF of air model 
predicts a similar second loading phase to the bulk water case. The 5% VF of air model 
predicts the peak deformation within 8% of the experiments and provides the best 
representation of the deformation-time history, as it does not predict a second loading 
phase. As such, all discussion of the aerated water model in the following sections refers to 
the 5% VF model. 
 
Table 6.3 P-alpha material model parameters for aerated water with air volume   



















1 0.99 120 500 4000 2 
5 0.95 54 500 4000 5 




Figure 6.7 Comparison of the deformation-time histories of the target centre for the  
   aerated water models with 1%, 5% and 10% VF of air with the experimental  




6.4.2  Sand Material Model 
The sand was modelled using the compaction EoS, the MO Granular strength model and 
the tensile pressure failure criteria. The compaction EoS is used to describe the  
pressure-volume relationship of porous materials. The EoS is described by pressure vs 
density and the sound speed vs density behaviour of the material. The parameters for the 
sand were taken from the work by Laine and Sandvik [159] who characterised Sjobo sand 
with a moisture content of ~7% and are shown in Figure 6.8. The MO Granular strength 
model is a pressure-dependant yield surface and the model inputs are shown Figure 6.9 
along with the relationship between the shear modulus and density of the sand. The sand 
was modelled using Eulerian elements. One issue with the use of this material model was 
the initial density specified in the model. The sand in the experiments described in this 
chapter had a density of 1.3 g/cm3 while the model was developed for sand with a density 




Figure 6.8 (Left) Pressure vs density relationship for compaction EoS for sand [159]. 
   (Right) Sound speed vs density relationship for compaction EoS for  
   sand [159]. 
 
 
Figure 6.9 (Left) Pressure dependant yield surface for MO Granular model  
   for sand [159]. 
   (Right) Shear modulus vs density relationship for MO Granular model  
   for sand [159]. 
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6.4.3  EPS Material Model 
The EPS was modelled using the crushable foam material model with a linear EoS. The 
parameters for the EPS were taken from the PS2 material inputs defined by  
Karagiozova et al. [51]. The PS2 material has a compressive strength of 114 kPa at 10% 
strain, which is similar to the 135 kPa at 10% strain defined for H-Grade EPS. The density 
was 0.024 g/cm3, the bulk modulus was 5390 kPa and the shear modulus was 7379 kPa. 
The crushable foam material model is input in terms of the pressure vs ln (volumetric 
strain ratio), and the parameters are provided in Table 6.4. The definition for the 
ln(volumetric strain ratio) is given in Equation 6.1. The parameters entered into the model 
are shown in Table 6.4. As there was no densification included in the model inputs from 
Karagiozova et al. [51], the value at a strain of 0.9 was selected to include the effect of 
densification based on the compression tests from the same study.   
 
ln (Volumetric Strain Ratio) =  ln(
𝑉0
𝑉
 )      (6.1) 
 
where V0 is the initial volume and V is the current volume. 
 
Table 6.4 Compaction curve parameters for crushable foam material model. 
Strain ln(V0/V) Pressure (kPa) 
0.1 0.1054 114 
0.2 0.2231 147 
0.3 0.3567 165 
0.4 0.5108 202 
0.5 0.693 229 
0.6 0.916 284 
0.7 1.204 285 
0.8 1.609 551 
0.9 2.302 5000 
 
6.4.4  STF Material Model 
As there is no known available material model for a corn starch and water-based STF, 
simulations were conducted with ethylene glycol which has the same density as the STF. 
The model for ethylene glycol was taken from Petel [161] and employs a Mie-Grüneisen 
EoS in the form shown in Equation 6.2 and the parameters are provided in Table 6.5.  
 
𝑈𝑠 = 𝐶0 + 𝑆1𝑢𝑝 + 𝑆2𝑢𝑝
2       (6.2) 
Where Us is the shock velocity, up is the particle velocity, C0 is the sound speed of the 
material, and S1 and S2 are empirical constants.   
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Table 6.5 EoS parameters for ethylene glycol [168] which is used as a substitute for  








1.1 1850 1.88 -0.061 
 
As STF’s behave in a similar manner to a solid under high rates of loading due to their 
high viscosity, an assumption was made that the STF would inhibit the formation and 
collapse of cavitation bubbles. Hence no cavitation threshold was defined in the material 
model representing the STF. While this model cannot describe the transition behaviour of 
a shear thickening fluid, the model is capable of predicting the effects of a fluid with a 
similar mass to the STF.  
 
6.5  Comparison between Experiments and Simulations 
Table 6.6 compares the experimental and numerical results for the peak dynamic 
deformation for each test condition. The prediction of the peak dynamic deformation at 
the centre of the target was within 8% of the experimental value for all test cases. Both the 
experiments and numerical simulations indicated that the timescale and rate of the loading 
varied between the mitigant types. Table 6.7 compares the experimental and numerical 
results for the peak velocity at the target centre. The numerical results are presented as 
both the maximum numerical value as well as an averaged value. The averaged value was 
calculated by averaging the velocity recorded in the numerical simulation over a time-step 
representing the sampling rate of the laser displacement transducer. This was required as 
the numerical simulations captured the velocity at a much higher sampling rate than the 
experiments. The model predicted the peak velocity (average) within 20% for all cases 
except the ½ EPS + ½ water.  
 
Figure 6.10 provides a visual comparison of the experimental and numerical results for the 
200 mm high sand and ½ EPS + ½ water containers, the two most erroneous predictions. 
The comparison indicates that the model correlates qualitatively with the deformation-
time history recorded in the experiments, which provides confidence in the validity of the 
model for each material type. These results justify the assumptions made in the selection 
of the material model parameters for the mitigants for this particular experimental setup. 
The ½ EPS + ½ water and the sand simulations were also able to identify the delayed 
loading of the plate centre that was observed in the experiments. This provides further 
confidence that these material models are providing a reasonable description of the 
behaviour of these mitigants under near-field blast loading conditions. Based on the 
validity of the models, they can be further interrogated to understand the underlying 







Table 6.6 Comparison of average experimental and numerical results for the peak  





Peak Dynamic Deformation 
(mm) 
Reduction from Baseline 
Condition (%) 
Experiment Simulation Experiment Simulation 
None (baseline) - 136 139 - - 
Water container 200 63 66 54 53 
Water container 100 91 91 33 35 
Sand 200 56 56 59 60 
Sand 100 87 82 36 41 
EPS 200 141 133 -4 4 
½ EPS + ½ Water 200 92 93 32 33 
EG (STF) 200 62 64 54 54 
EG (STF) 100 86 90 37 35 





Figure 6.10 Deformation-time histories for the 200 mm high sand and ½ EPS + ½ water  
   containers showing the experimental and numerical results. 
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Table 6.7 Comparison of the peak centre plate velocity for the experiment, the   
   simulation and the average of the simulation when adjusted to the same  














(Exp vs Sim) 
Baseline 285 m/s 320 m/s 303 m/s -6 
Baseline 282 m/s 320 m/s 303 m/s -14 
Water (200 mm) 157 m/s 184 m/s 149 m/s 5 
Water (100 mm) 203 m/s 240 m/s 215 m/s -6 
Aerated Water (200 mm) 131 m/s 193 m/s 154 m/s -18 
Aerated Water (200 mm) 128 m/s 193 m/s 154 m/s -20 
Sand (200 mm) 89 m/s 112 m/s 104 m/s -17 
Sand (200 mm) 87 m/s 112 m/s 104 m/s -20 
Sand (100 mm) 133 m/s 155 m/s 153 m/s -15 
EPS (200 mm) 330 m/s 350 m/s 348 m/s -6 
EPS (200 mm) 297 m/s 350 m/s 348 m/s -17 
½ EPS + ½ Water (200 
mm) 
178 m/s 324 m/s 272 m/s -53 
STF (200 mm) 131 m/s 172 m/s 140 m/s -7 
STF (200 mm) 137 m/s 172 m/s 140 m/s -2 
STF (100 mm) 173 m/s 209 m/s 179 m/s -4 
 
 
6.6  Assessment of Physical Mechanisms for Blast Loading and Blast  
  Mitigation 
6.6.1 Effect of Mitigant Mass on Blast Mitigation 
Whilst there are number of competing blast loading and mitigation mechanisms, a 
qualitative evaluation of the role of the mitigant mass can be made by comparing the 
performance of each mitigant for a given container size. By using a constant size, 
differences in the loading on the container as well as the shadowing effect should be 
minimised. Figure 6.11 presents this comparison for a container width of 300 mm and 
height of 200 mm. A strong relationship is identified between the density of the mitigant 
material and the mitigation provided for this size of container. However, this increase in 
mitigation does not scale linearly with the density of the mitigant. This finding is 
consistent with the approach presented in Chapter 4, where an analytical formula was 
presented to account for the influence of the mitigant mass (Equation 4.2). An evaluation 
of the influence of mass for each mitigant type is provided in Table 6.8.  This evaluation 
assumes a container height of 200 mm and a container radius of 150 mm, which is 
equivalent to the 300 mm x 300 mm x 200 mm container size. The ½ EPS + ½ water 
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provides a 25% reduction in momentum, which is considerable given the water only 
provides a 31% reduction, albeit with double the mass. As there was a significant 
difference in the target deformation for these two mitigants, it suggests that one of the 
other blast mitigation mechanisms is less effective for the ½ EPS + ½ water containers. The 
results show the decreasing benefit of using a mitigant with a higher density than water as 
the additional reduction in momentum and target deformation is minimal when compared 
to the mass increase.  
 
 
Figure 6.11 Effect of mitigant density on percentage reduction in permanent   
   deformation of target centre for a 300 mm x 300 mm x 200 mm container  
   size. 
 
Table 6.8 Effect of mitigant mass for 200 mm high containers with a radius of  







% Change in 
Total 
Momentum 
EPS 0.024 0.94 3 
½ EPS + ½ Water 0.5 0.44 25 
Aerated Water 0.95 0.29 31 
Water 1 0.28 31 
STF 1.1 0.26 33 




6.6.2 Effect of Mitigant Sound Speed 
Both the sand and EPS are compressible materials and have a sound speed that is 
significantly lower than water. In Figure 6.10 it was observed that there was a delay in the 
central deformation of the plate for the sand and ½ EPS + ½ water experiments. The 
reason for this is revealed in Figure 6.12, which shows the progression of the pressure 
wave within the water, sand, and ½ EPS + ½ water containers calculated using the 
numerical model. In all three cases the detonation products initially loaded the plate at the 
time of 0.16 ms. Shortly after this time at 0.20 ms, the pressure wave within the water 
container was reflected at the plate, loading the surface of the plate below the water 
container. In contrast to the water-filled container, the pressure wave travelled slower in 
the sand and the EPS and this resulted in the delayed arrival at the target plate. The initial 
loading at the target centre occurs at 0.36 ms for the ½ EPS + ½ water and 0.4 ms for the 
sand. The delayed arrival of the pressure wave below the container allows the observation 
of a small amount of central plate deformation caused by loading from the detonation 
products on the plate outside of the container prior to the arrival of the pressure wave 
within the container.  
 
Figure 6.13 compares the progression of the pressure wave within the aerated water and 
the STF with the water. Due to its higher sound speed, the pressure wave in the STF 
travels slightly faster than in water and arrives at the target at 0.19 ms (compared to 0.20 
ms in water). Whilst the aerated water had a sound speed of 54 m/s, no observable delay 
occurred in the arrival of the pressure wave in the experiments, in contrast to the sand and 
½ EPS + ½ water containers. The numerical simulation of the aerated water container 
indicated an arrival time of the pressure wave at the target of 0.22 ms, indicating only a 
slight delay when compared to water. This slight delay is consistent with the experiments. 
The simulations indicated that the loading from the air shock accelerated the aerated water 
to a velocity above 100 m/s, which is above the sound speed of the aerated water. In this 
circumstance a shock wave will be generated within the aerated water. In addition, 
analysis of the simulations indicated that the passing shock wave resulted in the aerated 
water almost instantaneously being converted into bulk water with a sound speed of 
~1500 m/s. The loading from the detonation products, which arrive slightly after the air 
shock at the surface of the container, is then transmitted through the bulk water. This 
pressure wave moves faster than the initial shock wave due to the higher sound speed and 
quickly catches the initial shock wave. This process generates a single shock wave which 
travels at ~1500 m/s.  
 
Whilst EPS has a lower sound speed than the water and the ½ EPS + ½ water that resulted 
in the delayed central deformation of the plate, the EPS container did not show any delay 
in loading at the plate centre. Figure 6.14 provides an explanation for this, as it shows how 
the loading from the blast deforms the EPS at a rate which is faster than the sound speed 
in the material. This indicates that due to the low strength of the EPS, the blast wave was 
able to accelerate the top surface of the container and hence the EPS to a velocity that was 
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well in excess of its nominal sound speed. This scenario was also observed by  
Karagiozova et al. [51] who found that the front surface of an EPS sandwich panel was 
accelerated to a velocity above the sound speed of the EPS. The complete collapse of the 
EPS occurred at the time of ~0.2 ms, which is similar to the time at which the pressure 
wave within the water-filled container reached the plate.  
 
 
Figure 6.12 Numerical simulations showing the pressure contours of the: 
   (a) – (c) ½ EPS + ½ water simulation at 0.16, 0.2 and 0.36 ms.  
   (d) – (f) Sand simulation at 0.16, 0.2 and 0.4 ms. 












Figure 6.13 Numerical simulations showing the pressure contours of the : 
   (a) – (b) Aerated water simulation at 0.16 and 0.2 ms.  
   (c) – (d) STF simulation at 0.16 and 0.2 ms. 
   (e) – (f) Water simulation at 0.16 and 0.2 ms. 
 
 
Figure 6.14 Numerical simulations of the pressure contours of the:  
   (a) – (c) EPS simulation at the times of 0.145, 0.16 and 0.2 ms. 
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As shown in Figures 6.12-6.14, there is a clear time delay between the loading at the edge 
of the target and the loading at the centre of the target for the lower sound speed 
mitigants. One mitigation mechanism that was not considered in Chapter 4 is the role this 
delay may have in reducing the deformation of the target. An assessment of the effect of a 
time delay between the loading at the target edge and centre was undertaken using 
numerical simulations.  
 
A 3D quarter symmetry model was used to replicate the EBD geometry with a 10 mm 
thick steel target plate. The loading was applied using the analytical blast boundary 
condition which uses the ConWep [17] loading curves. As the loading curves are for a 
spherical charge rather than the cylindrical charge used in the investigation, the charge 
size was scaled to provide a similar level of deflection to the baseline condition from the 
experiments. For a 20 kg TNT charge at a 600 mm stand-off the peak deflection was 
calculated to be 112 mm, which was similar to the 113 mm baseline deformation of the 10 
mm steel target in Chapter 4. The effect of time delay was assessed by assuming that the 
outer regions of the target were loaded the same as the baseline case, but a delay in the 
loading was experienced by the central region on the target. The central region affected 
was 150 mm x 150 mm in the quarter symmetry model which was used to represent the 
containers with a length/width of 300 mm from the experiments. Time delays of 0.1, 0.2 
and 0.3 ms were selected as these were similar to the delays provided by some of the 
mitigants. Figure 6.15 shows the influence of the time delay on the peak deformation when 
using this technique. The results indicate that the inclusion of a time delay due to the 
mitigants (in isolation of the other mitigation mechanisms) actually increases the 
deformation. Hence the delayed time of arrival of the pressure wave is not responsible for 
any blast mitigation.  
 
 
Figure 6.15 Effect of a delayed loading at the central part of the target  
   (300 mm x 300 mm) for a 20 kg spherical TNT charge at a stand-off of  
   600 mm from a 10 mm thick steel target. 
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6.6.3 Effect of Mitigant Compressibility (Peak-Pressure Reduction) 
Figure 6.12 shows that the sand-filled container was able to reduce the peak pressure 
applied to the centre of the target plate. An evaluation of the peak pressures at the target 
surface reveals the sand reduced the peak pressure by a factor of ~17 when compared to 
the water at the plate centre. However this reduction did not result in any significant 
reduction in the target deformation. This can be explained using the analytical models 
developed by Jones [38] for the deformation of circular plates subjected to impulsive 
loading.  
 
The non-dimensional deflection of a simply-supported plate subject to an impulsive non-
uniform pressure load (see Figure 6.16) is governed by the ratio (η) of the applied pressure, 
P, and the critical pressure, Pc, of the target plate. The critical pressure is the minimum 
pressure that can be applied to a target to initiate plastic deformation, and is calculated 
using:  
 




M0 = σ0H2/4         (6.3) 
 
σ0 is the yield stress of the steel (equal to 800 MPa for this investigation); H is the plate 
thickness (9 mm); R is the outer radius of the EBD (315 mm), and a is the radius of the 
cylindrical charge (125 mm). 
 
 
Figure 6.16 Simply supported circular plate subjected to a non-uniform axisymmetric  




Figure 6.17 shows the effect of η on the relationship between non-dimensional impulse 
and non-dimensional deflection. As the value of η approaches 2 for a given impulse, the 
plate deformation is reduced by approximately 50% when compared to an impulsive 
loading case (η→∞). However, when η is above 20, the reduction in plate deflection is 
minimal for a given impulse.  
 
Using equation 6.2, the critical pressure (Pc) is calculated to be 1.48 MPa for a 9 mm plate, 
which was similar to the average thickness (9.4 mm) used in the experiments described in 
this chapter. The peak pressures across the plate surface in the simulation with a 200 mm 
high water container ranged from 674 – 1700 MPa, while the peak pressures for the 200 
mm high sand container ranged from 43 - 100 MPa. The minimum value of η is 455 for the 
water and 27 for the sand. This indicates that the sand is unable to reduce the peak 
pressure to a sufficiently low level, where deflection of the steel plate used in this study 
will be significantly affected.  
 
For the 100 mm high water container simulation, the peak pressure across the surface of 
the plate ranged from 776 -1200 MPa, while the peak pressure across the surface of the 
plate for the 100 mm high sand container simulation ranged from 290 - 596 MPa. This 
indicated that the sand was only able to reduce the peak pressure for the 100 mm 
container size by a factor of 2-3 when compared to the water. This reduced effect for a 
smaller height of container is analogous to the densification of a foam material. 
 
 
Figure 6.17 Effect of η on the maximum permanent deformation (wf) using the analytical  
   model of Jones [39] for simply-supported circular plates. The y-axis is  
   non-dimensionalised based on the material thickness (H) and the loading  
   distribution (a). The x-axis in non-dimensionalised using a combined function (λ) of 
   the plate geometry, the plate mass per unit area (μ), the impulsive plate velocity 
   (v0) and the plastic collapse moment.    
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The aerated water, EPS, and ½ EPS and ½ water are also compressible mitigants which 
had the potential to reduce the peak pressure delivered to the steel target plate. However, 
Figures 6.12-6.14 show that these mitigants all reach densification due to the loading and 
are unable to significantly reduce the peak pressure at the target surface. Given the 
magnitude of loading in this scenario, it is thought that all foams with a plateau strength 
of <1.48 MPa would reach densification and thus not provide and mitigation through their 
compressibility. Hence no alternative foams were considered. 
 
6.6.4 Effect of Shadowing on Blast Mitigation 
The work in Chapter 4 identified shadowing by a water-filled container as a major blast 
mitigation mechanism. The use of the EPS mitigant was intended to take advantage of the 
shadowing effect with a lower mass than using water as a mitigant. Although the EPS 
filled container did not reduce the peak deformation of the plate (Table 6.6), Figure 6.14 
showed that there was still a shadow region generated by the container. In order to 
quantify the size and influence of the shadow region generated by the EPS container, 
additional simulations were performed to evaluate the spatial distribution of loading on 
the target plate using the flying plate technique. Figure 6.18 compares the momentum 
transferred to each of the concentric rings for the baseline condition, the 200 mm high 
water container, and the 200 mm high EPS container simulations. The EPS created a 
shadow region with a similar level of mitigation as the water for the first 50 mm beyond 
the edge of the container. Moving further outwards along the plate the EPS container still 
provides some mitigation, but is less effective than the water. Thus the hypothesis that the 
EPS could provide mitigation through shadowing was accurate. However, as the EPS 
provides minimal mitigation via the mass effect and all containers experience higher input 
loadings than the baseline condition due to a reduced stand-off to the charge, the net effect 
is that the EPS container provides no mitigation of the plate deformation.  
 
 
Figure 6.18 Comparison of the spatial distribution of momentum transfer for the   
   baseline condition, a water-filled container and a foam-filled container.  
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6.6.5 Effect of Spreading on Blast Mitigation 
The spreading of water was shown by modelling in Chapter 4 to be a major mitigation 
mechanism. The use of the ethylene glycol model for the STF means that shear-thickening 
behaviour is not captured and its effect on spreading cannot be assessed through 
numerical simulations. However, as this model is able to accurately predict the target 
deformation it is unlikely that the STF used in these experiments resulted in a significant 
difference in the spreading mechanism when compared to water. Similarly, the aerated 
water was shown to behave in a similar manner to the water. As such, neither of these 
mitigants is further evaluated in this section. EPS is also not considered in this section as it 
is not a fluid.  
 
Figures 6.19 and 6.20 present a comparison between the vertical and radial momentums 
for simulations with a 200 mm high water-filled container, a 200 mm high sand-filled 
container and a steel panel of equivalent areal density to the water-filled container. The 
simulations used the same setup as used for the deformable target simulations, except for 
the target and EBD, which were not modelled. This allowed the simulation to analyse the 
momentum transferred to the mitigants without any influence from the target plate. The 
numerical results show that all three mitigants have a similar vertical momentum 
following loading by the blast wave. The water, however, had a significantly higher radial 
momentum than the sand, while the steel, which is similar to a rigid body, has no radial 
momentum. As the radial momentum has 3600 coverage, the net momentum change is 
zero. However, the kinetic energy of the water was significantly higher than that of the 
sand. An evaluation of the energy distribution of the mitigants is presented in Figure 6.21 
and explains how energy and momentum are conserved in the cases of the water and sand 
containers. Both containers have a similar amount of total energy transferred to them by 
the blast wave, but the sand converts a significant amount of energy into internal energy 
through compression while the water converts the energy into kinetic energy in the radial 
direction. An explanation for the lower total energy for the steel is provided in  
Section 4.5.8.  
 
Further analysis was conducted to assess the influence of spreading through numerical 
simulations where the side-wall of the container was fixed to confine the mitigant. The 
target deformation for the simulations with and without the confinement were then 
compared to get an indication of the influence of spreading on the mitigation for the 
water, sand, and ½ EPS + ½ water containers. In all cases the container used had a radius 
of 150 mm and a height of 200 mm. The results are shown in Figure 6.22 and indicate that 
spreading plays a role for all three mitigants. Spreading has the largest influence for the 
water-filled container with a 90% increase in deformation when the side-wall was fixed. 
An increase of 61% was calculated for the ½ EPS + ½ water container and a 50% increase 




Figure 6.19 Comparison of the vertical momentum transferred to a water-filled   




Figure 6.20 Comparison of the radial momentum transferred to a water-filled container,  






Figure 6.21 Comparison of the total energy, internal energy and kinetic energy   
   transferred to a water-filled container, a sand filled container and a steel  
   applique.  
 
 
Figure 6.22 Comparison of water, sand, and ½ EPS + ½ water containers with and   
   without confinement of the side-wall of the container. In all cases the   
   container had a radius of 150 mm and a height of 200 mm. 
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6.7   Summary 
This chapter described an experimental and numerical investigation into the effect of fill 
material on the blast mitigation provided by a mitigant-filled container. The experiments 
indicated that the best performing mitigant per unit volume was the sand, while the water 
provided the best performance per unit mass. The mitigation was found to be strongly 
dependant on the density of the mitigant with the EPS, having a very low mass, providing 
no reduction in the deformation of the steel target when compared to the baseline test. The 
STF and ½ EPS + ½ water provided similar levels of mitigation as an equivalent mass of 
water with the same surface area coverage. The mitigant material had a significant effect 
on the deformation-time history of the steel plate.  
 
Validated 2D numerical simulations were used to determine the physical mechanisms 
responsible for the differences in the plate response and mitigation provided. The sand 
and ½ EPS + ½ water containers were found to significantly delay the arrival of the 
pressure wave at the target surface due to their compressibility and low sound speed. 
However, further analysis showed neither the peak pressure reduction nor the time delay 
was a significant contributor to the blast mitigation. The key mitigation mechanisms for all 
mitigants were still found to be mass, shadowing and spreading. The spreading 












Chapter 7 – Effect of Container Stand-Off Distance and 
Multiple Containers  
Abstract 
This chapter presents two investigations that were targeted at understanding some of the 
integration issues associated with using water-filled containers for blast mitigation on an 
armoured vehicle. The first investigation used experiments and numerical simulations to 
assess the effect of introducing a stand-off between the water-filled container and the 
target. The experiments showed that the blast mitigation was similar for containers in 
contact with the target and at a short stand-off distance. Numerical models identified that 
there was a trade-off between enhancing the shadowing and spreading mitigation 
mechanisms and increasing the loading at the container surface when the container stand-
off distance was increased.  
 
The second investigation used experiments to evaluate the issues associated with using 
multiple water-filled containers as part of a blast protection system for an armoured 
vehicle. The experiments showed that increasing the gap between the containers reduced 
the blast mitigation provided when the explosive charge was placed above a central 
container and above the gap between two containers. As the containers were below the 
optimum width and the stand-off distance to the charge was quite large, further work is 
required to ensure these findings are applicable to a wider range of container 
configurations and blast loading conditions.  
 
Some of the research work presented in this Chapter has been published in: 
 
1. S. Di Placido, H. Bornstein, A. Orifici, S. Ryan and A. Mouritz, Effect of stand-off on the 
blast mitigation using water-filled containers, Design and Analysis of Protective Structures 
(DAPS) 2017, Melbourne, Australia, 30th November – 1st December, 2017.  
 
2. E. Yang and H. Bornstein, Effect of blast mitigation from multiple fluid containers, 30th 
International Symposium on Ballistics, Long Beach, California, 11th-15th September, 2017. 
 
Declaration of Work in this Chapter:  
Within this chapter there were two investigations conducted. In both cases, the 
investigations were performed in collaboration with other researchers. For the container 
stand-off investigation, the experimental program was planned and conducted by the 
author. The numerical simulations were conducted collaboratively with Sam Di Placido 
who was an RMIT undergraduate student working in support of this specific investigation 
under the guidance of the author. For the multiple container investigation, the work was 
performed collaboratively with Eric Yang who was a DST Group contractor working in 
support of this investigation under the supervision of the author.   
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7.1  Aims and Objectives 
This chapter documents two investigations which were aimed at assessing some 
outstanding integration issues when using water-filled containers for near-field blast 
protection of armoured vehicles. The first was a combined experimental and numerical 
investigation into the effect of introducing a stand-off between the water-filled container 
and the target. The second was an experimental investigation into the target response 
when using multiple water-filled containers in different lay-out configurations. The key 
aims of these investigations were:   
 
1. To evaluate the effect of introducing a stand-off between the water-filled container and 
the target to optimise the blast protection.   
 
2. To understand the role of the gap size between containers when multiple water-filled 
containers are used and the explosive is positioned above the central container.  
 
3. To understand the effect of an off-centre charge location for multiple water-filled 
containers, where the explosive is positioned above the gap between two neighbouring 
containers. 
 
7.2  Effect of Container Stand-Off on Blast Mitigation 
7.2.1 Rationale for Investigation 
The previous investigations conducted throughout this PhD project focused solely on the 
case where the water-filled container was placed in direct contact with the target. For 
practical applications this may not always be the case. In addition, the introduction of a 
stand-off can be considered analogous to having a partially filled container for containers 
placed on the bottom of the vehicle hull. Hence this investigation addressed the effect of 
including a stand-off distance between the water-filled container and the steel target plate. 
Whilst increasing the stand-off distance of the container from the target increases the 
loading on the container, it is also likely to enhance the spreading and shadowing 
mechanisms, which may result in improved blast mitigation.  
 
7.2.2 Experimental Testing 
The basic experimental setup was described in Section 3.1.3. The water-filled containers 
used in each test had a width/length of 300 mm and a height of 200 mm. The stand-off 
between the containers and the target plate was created by placing a small piece of closed 
cell foam below each corner of the container. The foam was rigid enough to support the 
mass of the water-filled container without deforming more than a few millimetres. The 
experimental setup for the container at a stand-off of 50 mm is shown in Figure 7.1. The 




1) Baseline (no water) 
2) Container in contact with the target plate 
3) Container at a stand-off of 50 mm 
4) Container at a stand-off of 100 mm  
5) Container at a stand-off of 200 mm.  
 
Where possible a second test was conducted on some of the test conditions to evaluate the 
test-to-test variance in the experimental data. A full list of the experiments conducted in 
this investigation is provided in Table 7.1. 
 
 
Figure 7.1 Experimental setup for 300 mm wide and 200 mm high water-filled   
   containers at a stand-off distance of 50 mm from the steel target plate. 
 
Table 7.1 Experimental configurations. 
Test Number Container Stand-off Distance (mm) 
1 No Container 
2 No Container 





5.06 kg PE4  
Water container 
50 mm stand-off 
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7.2.3 Numerical Modelling  
The numerical models used in this investigation were based on those described in  
Chapter 3. Initial simulations showed that there were stability issues due to the presence of 
the HDPE container at larger container stand-off distances. As such, the containers were 
not modelled in this investigation. To justify this approach the deformation-time histories 
for the 50 mm stand-off case was compared. As the peak deformation was similar for both 
cases and the profiles were very similar (Figure 7.2), this approach was considered valid. 
 
 
Figure 7.2 Numerical simulations for the 50 mm stand-off distance case, with and   
   without the HDPE container. 
 
7.2.4 Experimental and Numerical Modelling Results 
A complete list of the experimental and numerical modelling results is shown in Table 3. 
The relative error between two experimental tests with an identical setup was measured to 
be 11% for the 100 mm stand-off distance. The results indicate that there is minimal 
difference between the blast mitigation provided by the water-filled container in contact 
with the target plate and at a stand-off up to 100 mm from the target plate. For the contact, 
50 mm and 100 mm stand-off distances, the water-filled containers provided 
approximately 50% reduction in the target deformation. When the stand-off was increased 
to 200 mm the reduction in the mitigation provided was approximately 43%.  
 
The numerical models were able to capture the peak dynamic deformation with a 
reasonable level of accuracy, with five of the seven experiments being predicted to within 
5%. The additional two experiments were still within 17% of the experimental 
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deformation. The models were also able to capture the increase in target deformation 
when the stand-off distance was increased from 100 to 200 mm. The models are also 
shown to capture the deformation-time history of the target (Figures 7.3 – 7.7). This 
indicates that the numerical simulations are accurately analysing the mechanics of the 
loading and target response, and can be further interrogated to understand the blast 
mitigation mechanisms.   
 






















1 Baseline 129 NA 133 NA 




65 50 65 51 
4 50 61 53 68 49 
5 100 59 54 69 48 
6 100 66 49 69 48 
7 200 74 43 73 45 
 
 
Figure 7.3 Comparison between experimental and numerical deformation-time   





Figure 7.4 Comparison between experimental and numerical deformation-time   
   histories for the water-filled container in contact with the target. 
 
 
Figure 7.5 Comparison between experimental and numerical deformation-time   
   histories for the water-filled container at a 50 mm stand-off distance from  





Figure 7.6 Comparison between experimental and numerical deformation-time   
   histories for the water-filled container at a 100 mm stand-off distance from  
   the target. 
 
 
Figure 7.7 Comparison between experimental and numerical deformation-time   
   histories for the water-filled container at a 200 mm stand-off distance from  
   the target. 
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7.2.5 Mitigation Mechanisms 
7.2.5.1 Response of Water-Filled Containers 
The work performed in Chapter 4 showed that the shock wave and detonation products 
travel at a higher velocity than the pressure wave within the water-filled containers. This 
results in loading on the outer part of the target plate prior to the arrival of the pressure 
wave at the centre of the plate. The introduction of a stand-off between the target plate and 
the container further delays the arrival of the loading at the centre of the target. Figure 7.8 
shows that when the stand-off is introduced, the shock waves from the edges of the plate 
converge at the target centre resulting in a high pressure prior to water striking the target. 
It is also apparent that a pressure wave is reflected off the bottom surface of the water 
container, forming cavitation bubbles prior to the water interacting with the target. The 
tensile wave within the water container that generates the cavitation bubbles is also likely 
to enhance the spreading mechanism by increasing the radial velocity of the water prior to 
it striking the target.  
 
 
Figure 7.8 Response of water-filled containers at a stand-off distance of  
   (left) 50 mm (right) 100 mm.   
 
 
7.2.5.2 Effect of Stand-Off Reduction 
Whilst increasing the stand-off distance of the container from the target is intended to 
magnify the blast mitigation mechanisms, there is a trade-off due to the increase in loading 
at the surface of the container. An evaluation of the increase in loading at the container 
surface was performed using the flying ring technique described in Chapter 3. In this case 
no water was used and the flying rings were repositioned at different heights to represent 
the stand-off distance to the container surface. Figure 7.9 shows the percentage increase in 
the vertical momentum for each of the rings within a 150 mm radius (representing the 
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container) for each stand-off distance. The increase in the vertical momentum was 
consistent as the container stand-off distance increased and was more prominent closer to 
the centre of the target. For the 200 mm stand-off distance there is a 75-90% increase in the 
vertical momentum at the centre of the container when compared to the container in 
contact with the target. This is a significant amount of additional loading which the 
mitigation mechanisms need to overcome to enhance the blast protection provided when a 
stand-off distance is introduced.  
 
 
Figure 7.9 Effect of container stand-off distance on the vertical momentum transferred  
   at the surface of the container.  
 
7.2.5.3 Effect of Shadowing 
The effect of stand-off distance on the shadowing mechanism was assessed using the 
flying ring technique. Figure 7.10 compares the reduction in momentum transferred to the 
rings outside the container (shadow region) for the three stand-off distances and the 
contact case. The results suggest that there was no significant increase in the shadowing 
effect as the stand-off distance was increased. In many cases increasing the stand-off 
resulted in an increase in the momentum transferred to the target within the shadow 
region. Further analysis indicated that the spreading of the water resulted in loading on 
the target within the shadow region. This effect was observed in Chapter 4 when the 
shadow region for a water-filled container was compared with a pseudo-rigid container. 
However, the influence of the water loading on the target in the shadow region was 
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minimal when the container was placed in direct contact with the target. The effect 
appears to be more pronounced when the container is placed at larger stand-off distances 
from the target. Given this approach resulted in significant loading from the spreading 
water, the model was not able to isolate the role of shadowing from the other mechanisms.  
 
To overcome the limitation of this modelling approach, additional simulations were 
performed in which the water-filled container was modelled as a pseudo-rigid body with 
the same geometry and mass as the water container at the various stand-off distances. The 
results of these simulations are shown in Figure 7.11, and highlight that increasing the 
container stand-off from the target enhances the shadowing mitigation mechanism. One 
issue with this simulation approach was the expansion of the pseudo-rigid body upon 
contact with the flying rings. For the 100 and 200 mm stand-off distance simulations the 
edge of the pseudo-rigid body expanded far enough to load ‘ring 6’, which is the first ring 
in the shadow region. This led to a significantly higher momentum transfer than for the 
contact and 50 mm stand-off distance simulations at this location. As this contact loading 
is not representative of the shadowing effect, the results for ‘ring 6’ for these simulations 
are not presented. 
 
 
Figure 7.10 Effect of container stand-off on the vertical momentum transferred to the  






Figure 7.11 Effect of container stand-off on the vertical momentum transferred to the  
   target within the shadow region using a pseudo-rigid body. 
 
7.2.5.4 Effect of Spreading 
The effect of spreading was initially evaluated by comparing the calculated radial 
momentum within the simulations for each stand-off distance. In the case of the container 
in contact with the target, an additional simulation was performed without the target to 
provide a proper comparison to the other setups, where the loading was completed before 
any interaction with the target. Figure 7.12 provides a comparison between the maximum 
radial and vertical momentums of the water for each test case and shows there is a clear 
increase in the radial momentum of the water at higher stand-off distances. This implies 
that the spreading effect may be enhanced at higher stand-off distances. In addition to 
assessing the momentum transferred to the water, the same analysis was performed for 
the pseudo-rigid body. Whilst the pseudo-rigid body had no radial momentum, the 
vertical momentum was within 3% of the result for the water. This is further validation 
that the pseudo-rigid body can accurately describe the vertical momentum transferred to 
the water-filled containers.  
 
To further evaluate the role of spreading, additional simulations were performed with a 
pseudo-rigid body in place of the water-filled containers using the deformable target 
setup. By comparing the results between the two mitigants, the effect of spreading is 
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isolated as the initial loading, shadowing and mass mechanisms are reasonably consistent 
between the two mitigants. Figure 7.13 compares the target deformation for each stand-off 
distance using both the water and pseudo-rigid body, and shows that the difference 
between the two mitigants increases with the stand-off distance. This highlights that 
increasing the stand-off distance enhances the spreading mitigation mechanism.  
 
 
Figure 7.12 Maximum vertical and radial momentum of water for each container  
   stand-off distance.  
 
 
Figure 7.13 Comparison of the target deformation for water and pseudo-rigid body   
   mitigants at a range of container stand-off distances.  
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7.2.6 Summary of Container Stand-Off Effect Investigation 
The experimental and numerical results presented indicate that there is no significant 
change to the target deformation when a water-filled container is placed at a short stand-
off distance (up to 100 mm) from the target. Further increases in the container stand-off 
result in an increase in the target deformation due to the increase in loading at the 
container surface caused by the container being closer to the explosive charge. Validated 
numerical models identified that the shadowing and spreading mitigation mechanisms are 
both magnified when the container stand-off is increased. However, the additional loading 
off-sets the enhancement of the mitigation mechanisms, resulting in no significant 
improvement to the blast mitigation provided by the water-filled containers.  
 
 
7.3  Effect of Multiple Water-Filled Containers on the Blast Mitigation 
7.3.1 Rationale for Investigation 
The previous investigations identified that tall and narrow water-filled containers 
provided the best blast mitigation. Hence, for these containers to be implemented on an 
armoured vehicle with multiple occupants, it may be necessary to use multiple containers. 
Shadowing and spreading are major blast mitigation mechanisms, which may be affected 
by the containers being placed in close proximity to one another. In order to effectively 
integrate water-filled containers onto a vehicle an understanding of these effects is 
required.  
 
To address this integration issue, one component of the investigation was to identify the 
influence of the gap size between multiple containers. In addition, for practical 
applications the explosive may not detonate directly above a container as has been 
evaluated in all previous investigations using water-filled containers. In these cases there 
may be confinement of the loading between the containers, which may result in an 
increase in deformation when compared to the baseline condition. As such, an 
investigation was performed where the explosive charge was placed above the gap 
between two containers and the effect of the gap size was assessed. 
 
7.3.2 Experimental Setup 
The experiments conducted for this investigation focused on understanding the effect of 
the following variables on the blast protection provided: 1) the length of the water 
coverage, 2) the effect of gap sizes between containers with an explosive charge above the 
central container, and 3) the effect of gap sizes between two containers with an explosive 
placed above the gap.  
 
All tests were conducted using a 3 kg cylindrical PE4 charge, suspended directly above the 
centre of the target plate at a stand-off distance of 810 mm. The diameter of the charge was 
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200 mm and the stand-off distance was measured from the bottom of the charge to the top 
surface of the steel target plate. The target plates were made of the same steel grade as the 
experiments reported in Chapters 4-6. The plates had a length and width of 1 m, and the 
thickness was 5.7 mm. An aperture plate with a 700 mm × 700 mm central cut-out was 
placed over the target plate, and 28 M24 high strength steel bolts with a pre-tension of  
120 Nm were used to clamp the plates to the rig. The completed assembly is shown in 
Figure 7.14. 
 
The containers used in the experiments were five-sided transparent acrylic cubic 
containers with wall thickness of 4 mm and a length of 152 mm. Prior to testing, the 
containers were filled with water and a 4 mm thick acrylic lid was used to enclose the 
container. Ten experimental arrangements were used to investigate the three different 
cases described above. Each of these arrangements is shown in Figure 7.15 except the 
baseline case (no mitigation). The effect of coverage length was assessed using a series of 
‘single fluid volumes’ formed by placing one, two and three containers in-line with each 
other (1C, 2C, 3C). To compare their performance with an equivalent areal density of steel, 
20 mm thick steel plates with the same coverage area as the 2C and 3C arrangements were 
also tested. The effect of gap size for a centrally located charge was assessed with gaps of 
60 mm (3Cn) and 120 mm (3Cw). For the off-centre charge cases with two containers, gaps 
of 197 mm (2Cn) and 394 mm (2Cw) were used. A number of tests were repeated to assess 
the variability in the data. A full list of the experiments is given in Table 7.3. 
 
 
Figure 7.14 Experimental setup showing the two container case with a narrow gap. This  
   setup was used to evaluate the effect of an explosive charge going off between 






Table 7.3 List of experiments.  
Test Number Arrangement Mitigant Containers Mitigant Weight (kg) 
1 Baseline water 0 0.0 
2 Baseline water 0 0.0 
3 1C water 1 3.5 
4 1C water 1 3.5 
5 2C water 2 7.1 
6 2Cn water 2 7.1 
7 2Cn water 2 7.1 
8 2Cw water 2 7.1 
9 3C water 3 10.6 
10 3C water 3 10.6 
11 3Cn water 3 10.6 
12 3Cw water 3 10.6 
13 3Cw water 3 10.6 
14 2C Plate steel 0 7.3 
15 3C Plate steel 0 10.9 
16 3C Plate steel 0 10.9 
 
 
Figure 7.15 Experimental setups for all test conditions except the baseline condition. 
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7.3.3 Experimental Results 
A total of 16 blast experiments were conducted, with the results shown in Table 7.4. Of the 
ten configurations evaluated, tests on six of these were repeated. The relative error was 
calculated by comparing the percentage difference in deformation from the repeated tests. 
The maximum relative error was 8%. In the following sections, the averaged deformation 
for the two tests is used to compare the experimental test conditions. An example of a 
plate post blast is shown in Figure 7.16.  
 
Table 7.4 Experimental results for blast tests.  
Test 
Number 












per kg of 
water) 
1 Baseline water 0 0.0 91 NA NA 
2 Baseline water 0 0.0 97 NA NA 
3 1C water 1 3.5 91 3 0.9 
4 1C water 1 3.5 84 11 3.1 
5 2C water 2 7 81 13 1.8 
6 2Cn water 2 7 81 14 2.0 
7 2Cn water 2 7 84 10 1.4 
8 2Cw water 2 7 91 3 0.4 
9 3C water 3 10.5 65 30 2.8 
10 3C water 3 10.5 70 26 2.5 
11 3Cn water 3 10.5 77 18 1.7 
12 3Cw water 3 10.5 82 13 1.2 
13 3Cw water 3 10.5 87 8 0.8 
14 2C Plate steel 0 7.3 83 11 1.5 
15 3C Plate steel 0 10.9 78 17 1.6 






Figure 7.16 Image of target deformation post-blast.  
 
7.3.3.1 Length of Water Coverage 
An evaluation of the test cases where there were no gaps between the water-filled 
containers is presented in Figure 7.17, and it shows that increasing the coverage of water 
resulted in an increase in the blast mitigation provided for the test condition used in this 
investigation. This is contrary to the experiments described in Chapter 4, where increasing 
the container width reduced the blast mitigation provided. This result is explained by the 
optimisation study from Chapter 5, as it was shown that there was an optimum width of 
container for a given container height. For the test setup used in this investigation, the size 
of an individual container was below the optimum container size; hence the percentage 
reduction achieved by the water-filled containers shown in Figure 7.17 is less that that 
previously demonstrated. (Note: These experiments were conducted prior to the 
optimisation analysis presented in Chapter 5 being performed.) Figure 7.17 also compares 
these results to the steel applique panels of an equivalent areal density. The water-filled 





Figure 7.17 Comparison between the blast mitigation provided by different numbers of  
   water-filled containers (no-gap) and steel appliques of equivalent areal  density.  
 
7.3.3.2 Effect of Gap Size for Explosives Placed Above the Central Container 
The results for the experiments designed to assess the effect of introducing gaps between 
three water-filled containers with the explosive positioned above the central container are 
shown in Figure 7.18. The introduction of a gap between the containers decreased the 
performance of the protection system. The performance was found to decrease as the gap 
size was increased. (It should be noted that the container width used in these experiments 
were below the optimum container width for the experimental condition.)  
 
 
Figure 7.18 Effect of gap size for multiple water-filled containers where the charge is  
   placed above the central container.  
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7.3.3.3 Effect of Gap Size for Explosives Placed Between Two Containers 
The results for the experiments designed to assess the effect of introducing gaps between 
two water-filled containers with the explosive positioned above the gap between the 
containers are shown in Figure 7.19. The gap between the containers decreased the 
performance of the protection system. The blast mitigation decreased as the gap size 
increased. Whilst there was a decrease in performance, all test conditions resulted in 
improved protection when compared to the baseline case. This is important as it means 
that for this scenario, there is no charge location that would result in a reduction in 




Figure 7.19 Effect of gap size for multiple water-filled containers where the charge is  
   placed  above the gap between two containers.  
 
7.3.3.4 Efficiency of Mitigation 
An evaluation of the average efficiency for each test setup is provided in Figure 7.20. The 
results show that the 3C setup (three containers with no gap) provides the most efficient 
protection. This again highlights that the individual containers were well below the 





Figure 7.20 Average efficiency of protection for all mitigant setups.  
 
7.3.4 Issues with Multiple Container Investigation 
The experimental test conditions used in this investigation were selected from available 
test fixtures and plates. As such the size of the fixture required the containers to be quite 
small to fit multiple containers on the test fixture. This resulted in the single containers 
having a width below the optimum size. It is unclear whether this would have affected the 
conclusions drawn from the gap size study where the charges were placed above the 
central container. In addition, the stand-off distance was quite high (810 mm) and was 
selected to ensure that the deformation of the steel targets did not cause significant 
elongation of the bolt holes. It is likely that there would be applications where the  
stand-off distance would be smaller and this may have caused more confinement of the 
shock wave and detonation products when the charge was placed above the gap between 
the containers. Future work should look to address these limitations.  
 
Whilst there were some limitations in terms of the practical outcomes of the study with 
multiple containers, the experiments provide a useful dataset to validate numerical 
models. Once these models have been validated further work can be performed to 
evaluate the influence of larger containers as well as smaller stand-off distance cases.   
 
7.3.5 Summary of Multiple Container Investigation 
The investigation into the use of multiple containers again concluded that water-filled 
containers were suitable for blast protection as they outperformed steel applique panels of 
an equivalent areal density. The experiments indicated that increasing the gap size 
between containers resulted in a reduction to the blast mitigation provided for this 
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scenario. However, as the width of the individual containers was found to be below the 
optimum width, it is unclear whether this finding can be extended to other container 
configurations and blast loading scenarios. The experiments also indicated that the water 
always provided some mitigation, even when the explosive charge is placed between two 
containers. Given this finding may be affected by the stand-off distance to the explosive 
charge, future work should assess whether this finding can be extended to other container 









































Chapter 8 - Conclusions and Recommendations 
8.1  Conclusions 
This PhD project was focused on understanding the mechanisms responsible for the 
mitigation of deformation provided by water-filled containers to a flat steel plate subject to 
a near-field air blast. Towards this end a number of experimental and numerical 
simulation studies were conducted in order to understand the key variables influencing 
the system performance.  
The first series of experiments highlighted the importance of container geometry when 
determining the blast mitigation provided. Differences of up to 100% were found between 
the peak deformations of flat steel plates shielded by water-filled containers with an 
identical volume of water but different aspect ratios. Taller and narrower containers were 
found to provide the best mitigation, with the best performing container providing a 65% 
reduction in the deformation of a steel target plate when compared to an unshielded plate. 
Validated numerical simulations of these experiments were used to evaluate a range of 
potential blast mitigation mechanisms. The conclusions regarding each of the mitigation 
mechanisms are described below:   
1. Evaporation  
An analysis of the timescale of the loading indicated that there was insufficient time for 
evaporation to be a key mitigation mechanism for the scenario investigated.  
2. Mass 
The mass of the mitigant was identified as a key mitigation mechanism. An analysis using 
rigid body dynamics provided an effective means to quantify the role of the mitigant mass 
in reducing the momentum transferred to a target. The role of mass was found to be non-
linear with diminishing returns as the mass was increased.  
3. Rarefaction Waves 
The numerical simulations identified that rarefaction waves were generated at the edge of 
the water-filled container. However, when the effect was quantified using a flying ring 
model setup, it was found to be minimal. 
4. Shadowing 
Shadowing was identified as a key mitigation mechanism through the use of numerical 
simulations with the flying ring technique. The size of the shadow region was found to 
increase as the height of the container increased. Reductions in momentum of up to 70% 





5. Spreading  
Spreading was identified as a key mitigation mechanism through the use of numerical 
simulations, where the mitigation from water-filled containers was compared to rigid 
containers of an identical mass and geometry. The spreading mechanism was found to be 
enhanced by taller and narrower containers.  
6. Peak Pressure Modification 
An evaluation of the pressure-time histories through the numerical simulations indicated 
that the water increased the peak pressure at the target surface. Given that the  
water-filled containers reduced the peak deformation, the increased surface pressure was 
not a mitigation mechanism.  
7. Cavitation 
An analysis of the pressure-time histories of the target plates in conjunction with the 
numerical simulations identified that the collapse of cavitation bubbles resulted in 
additional loading phases on the target. Hence the role of cavitation was as a loading 
mechanism rather than a mitigation mechanism.  
Whilst the water-filled containers provided mitigation through a number of the 
mechanisms described, there was a trade-off between these mitigation mechanisms and 
enhancing the loading into the system. As the top surface of the water-filled container was 
closer to the explosive charge, the mitigation mechanisms had to overcome a significant 
increase in loading. For a 300 mm high container, the increase in momentum transferred to 
the water was ~100%. This trade-off was found to result in an optimum container width 
for a given height of container that resulted in a maximum reduction in target 
deformation. 
The effect of geometry was further evaluated for a range of novel container geometries, 
which attempted to enhance protection by exploiting the shadowing and spreading 
mechanisms. Whilst no novel container shape was able to provide a greater reduction than 
the best performing quadrangular-shaped container, a mushroom-shaped container was 
found to provide the most efficient mitigation of the evaluated geometries (i.e. reduction 
in deformation per unit mass of added weight). 
Introducing a stand-off between the water-filled container and the target plate was found 
to provide no additional mitigation for small stand-off distances. For greater stand-off 
distances, the additional loading on the container resulted in a reduction in the mitigation 
provided. These findings indicate that small container stand-offs can be introduced 
without any significant adverse effect on the mitigation and that partially filled containers 
are also likely to still provide a level of blast mitigation.  
Further investigations were conducted into the effect of the mitigant type. Evaluations 
were made with aerated water, sand, EPS, EPS + water, and STF. Of the mitigants 
  
192 
evaluated, sand provided the best mitigation per unit volume, while water provided the 
best mitigation per unit mass. Whilst the compressibility of some the mitigants altered the 
pressure-time histories on the target, for the scenario evaluated they were not able to 
reduce the peak pressure to a level which influenced the deformation of the target. In all 
cases, the key mitigation mechanisms were still a combination of mass, shadowing and 
spreading. These results highlight that water is the best mitigant for armoured vehicle 
protection, particularly given it is already carried on board the vehicles.  
8.2  Recommendations 
The results presented in this thesis highlight the potential to use water-filled containers in 
the blast protection of armoured vehicles. It is recommended that further work be 
performed to allow the effective integration of water-filled containers into the blast 
protection of armoured vehicles. However, in order to effectively integrate the containers 
into a protection system, there are a number of issues which need to be addressed that 
were not fully covered in this thesis. A range of these issues are described below: 
 
1. Effect of Water-Filled Containers against Buried Charges 
This investigation only looked at the performance against air blast. Whilst some 
preliminary tests have shown the effectiveness of water-filled containers against combined 
blast/soil loadings (not included in thesis), further work is needed to determine whether 
the same conclusions can be drawn regarding the mitigation mechanisms and optimum 
container designs.  
 
2. Optimisation of Water-Filled Container against Various Hull Shapes 
This investigation only evaluated the optimal container design for a flat steel target plate. 
As most armoured vehicles have a shaped hull, further understanding of the effect of this 
shape on the performance of the water-filled containers is required to optimise the design 
for armoured vehicles.  
 
3. Effect of Charge Stand-Off and Target Size 
This investigation only evaluated the optimal container design for a single charge  
stand-off and target size. Armoured vehicles have a range of ground clearances and there 
is likely to be a minimum charge stand-off where the water-filled containers will be 
effective. This is due to the increased loading at the container surface caused by the  
stand-off reduction. The size of the target may also influence the amount of mitigation 
provided and potentially the optimum size of container.  
 
4. Integration of Multiple Containers into Blast Protection System 
Whilst an attempt was made to assess the impact of multiple containers, the study 
presented in this thesis did not use an optimal size of container. It is recommended that 
the study be either re-performed experimentally using optimum container sizes or 
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validated numerical models are used to understand the impact of containers in close 
proximity to each other for optimum container sizes at more representative stand-off 
distances.  
 
5. Development of 3D Numerical Modelling Capability 
The numerical modelling presented in this investigation was mostly performed using 2D 
axial symmetry. Integrating the containers into actual vehicle designs will require the 
development of an accurate methodology to model the performance of the water-filled 
containers using a 3D model. It is recommended that further work be performed to 
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